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 A B S T R A C T

The development of high-energy density solid-state batteries is critical for the achievement of carbon neutrality 
goals and the advancement of clean energy. Still, the fundamental understanding of lithium transport 
mechanisms and degradation processes remains limited. Current characterisation methods face significant 
challenges in studying these complex systems, particularly due to the difficulty of detecting lithium dynamics 
in three-dimensional battery architectures in operando conditions. Here we present the ANISSA (Advanced 
Neutron Imaging for Solid-State batteries in Action) project, an integrated experimental framework combining 
high-resolution neutron and X-ray imaging techniques to research coupled electro-chemo-mechanical processes 
in lithium-based energy storage systems.
1. Introduction

The ‘‘Advanced Neutron Imaging for Solid-State batteries in Ac-
tion’’ (ANISSA) project has been funded by the German BMBF’s Bat-
terieforschung funding scheme.

The project will exploit recent advances in in-situ and operando 
experimental characterisation of battery operation with neutrons [1–3] 
and X-rays [4], together with advances in modelling and simulation [5], 
to enhance understanding of coupled electro-chemo-mechanical pro-
cesses in lithium-based energy storage systems.

The partners involved in the ANISSA project are the following: 
The University of Münster and University of Uppsala, who will be 
leading the development of solid-state batteries, the University of Lund 
and the Helmholtz-Zentrum Berlin who will provide the experimental 
and analytical expertise, and the European Spallation Source (ESS) 
in Sweden and the Institute Laue-Langevin (ILL) in France, who will 
participate as leading large-scale facilities providing the means for the 
experimental characterisation of the batteries.

∗ Corresponding author.
E-mail address: oriol.sans_planell@helmholtz-berlin.de (O. Sans-Planell).

The ANISSA project will accelerate the development of instrumen-
tation for early science at ESS concerning a major challenge of excep-
tional societal impact: the realisation of high-energy density solid-state 
battery technologies.

2. Project description

Lithium-based batteries constitute a key technology in the European 
green deal and vision to be the first climate-neutral continent, before 
2050 [6,7]. Such batteries are expected to be vital for electromobil-
ity [8], load-levelling of intermittent energy sources [9] and to power 
the growing portable electronics and internet-of-things sectors [10]. 
Batteries are essential for achieving the carbon-neutral strategies of 
many countries, contributing to reduced air pollution and mitigating 
climate change. In this quest, there is an urgent need to accelerate 
the identification and realisation of new ultra-high-performance battery 
materials and battery concepts that can surpass the performance of 
the current best rechargeable Li-ion batteries, which suffer from lim-
ited energy storage and safety that limit their versatility. Solid-state 
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Fig. 1. Model of the geometry present at NeXT and ODIN for the dual-mode tomography. The two radiation beams are installed at a 90-degree angle, and can 
take the tomography simultaneously, allowing for operando measurements of the samples. On the bottom, a highlight of the segmentation possible of a neutron 
tomography performed on a solid-state battery, showing the distribution of lithium in the electrolyte in a discharged state.
Fig. 2. Comparison between two slices of a tomography taken of the same solid-state battery at NeXT, ILL, with X-rays (left) and cold neutrons (right). The 
X-rays show very defined cracks in the electrolyte, while the neutrons offer a much better contrast on the Lithium present in the volume.
batteries utilising metallic lithium as the negative electrode and high-
capacity, high-voltage materials as the positive electrode are among the 
most challenging battery chemistries, but have the potential to double 
storage capacity with improved safety [11–13]. For such batteries to 
be realised, many basic research questions need to be solved to avoid 
drastic capacity reduction and to mitigate potentially dangerous short-
circuiting. Answering these questions requires improved understanding 
of, e.g.: three-dimensional diffusion processes in the complex materials; 
formation of passive layers between battery components; and dendrite 
formation from the lithium metal.

To unravel the complex phenomena described above for conven-
tional Li-ion batteries, two- or three-dimensional (2D/3D) imaging 
techniques can be exploited to provide locally resolved information
[14]. X-ray imaging has become a standard method for 2D and 3D 
imaging in many disciplines, but has some major limitations for bat-
tery studies, primarily due to its low sensitivity to light elements 
like lithium [15]. Meanwhile, neutron imaging has rapidly grown in 
importance as a non-destructive analytical tool in many disciplines due 
2 
to enhanced neutron sources and detectors enabling higher spatial and 
temporal resolutions [16]. Furthermore, the development of alterna-
tive neutron imaging modalities, exploiting scattering and wavelength 
dependence, makes neutron imaging increasingly attractive.

ANISSA focuses on the application of dual-modality, multi-spectral, 
high-resolution and high-speed imaging techniques to reveal the dis-
tribution and movement of the key component, lithium, in solid-state 
battery material components and in complete devices. Advanced fa-
cilities, such as NeXT at ILL or ODIN at ESS, have the potential to 
offer these multimodal tomography applications as a standard tech-
nique, represented in Fig.  1. Table  1 presents an overview on the 
main strengths of X-ray and neutron imaging for solid-state battery 
characterisation, showcasing the benefits of the multimodal approach.

For battery studies, neutron imaging can overcome a number of the 
limitations of X-ray imaging, primarily due to the high sensitivity to 
lithium, which enables direct detection of Lithium diffusion. This can 
be visualised in Fig.  2, where the attenuation produced by Lithium 
generates a very strong contrast with the surrounding material, espe-
cially when compared to the X-rays, in which the Lithium can barely 
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Table 1
Comparison between the different performances of individual X-ray and neutron imaging techniques compared to the combined, 
multimodal approach that ANISSA will develop. X-ray tomography is superior for morphological analysis, while neutron imaging 
can better differentiate isotopes. The combination of both techniques leads to a greater material analysis and quantification.
 Parameter X-ray Imaging Neutron imaging Multimodal 
 Spatial resolution 1-5 μm 3-20 μm < 5 μm  
 Temporal resolution Seconds to minutes Minutes to hours Minutes  
 Lithium sensitivity Very poor Very high Very high  
 Isotope discrimination None Excellent (6𝐿𝑖, 7𝐿𝑖 and 𝑛𝑎𝑡𝐿𝑖) Excellent  
 Morphology detection Excellent Limited Excellent  
 Quantitative analysis Good (att. coeff.) Excellent (for Li concentration) Excellent  
be distinguished from the air. This allows the visualisation of Li-ion 
migration and subsequent identification of areas of reduced activity 
responsible for battery capacity fading. During dis-/charge, dynamic 
3D measurement of the change in Li concentration can be obtained by 
measuring spatio-temporal changes in neutron attenuation coefficients 
over a battery volume. Furthermore, neutrons can also be used to 
distinguish between isotopes, such that Li exchange processes inside a 
battery can be followed by doping of different battery components [2].

In the near future, the ODIN beamline will provide the flux and 
instrumentation necessary to perform 5D multimodal imaging char-
acterisation on solid-state batteries. Using a state-of-the-art chopper 
system it will offer Time of Flight (ToF) imaging with wavelength on 
the range of 0.5-10 Å. The energy resolution, in combination with 
very high flux, makes operando 5D imaging a feasible technique. In 
order to achieve high spatial resolution, the use of the new event-mode 
neutron imaging cameras would be necessary [17]. These cameras have 
already been tested in major facilities with promising results [18,19]. 
The advancement of 5D multimodal imaging enables simultaneous 
visualisation of 3D Li migration routes with isotopic tracing, quantifi-
cation of concentration gradients and diffusion fluxes, identification 
of preferential Li transport channels, representing an improvement in 
battery characterisation by providing simultaneous access to spatial, 
temporal, and isotopical information that was previously impossible to 
obtain in a single experimental approach.

The advanced techniques described are versatile enough to con-
tribute to analysing a large variety of battery chemistries, including 
the dominant Li-ion types, thereby creating a long-lasting benefit and 
impact for future research and developments. Three major imaging 
developments are targeted:

1. A combined high-resolution X-ray and neutron imaging method-
ology with much improved spatial resolutions to link Li mobility 
and distributions to morphology changes in solid-state batteries, 
and correlate to its electrochemical performance during oper-
ation. This will be the first dual-mode installation with high 
spatial resolutions of a few μm, a necessity to study individual 
battery particles.

2. A novel isotope mapping technique in combination with 5D 
multispectral imaging (3D space plus time plus energy selective) 
capabilities for exploiting the contrast variations between 6Li, 
7Li, 𝑛𝑎𝑡Li to provide important information about the dynamic 
properties of the Lithium diffusion during battery operation.

3. An optimised cell design for multi-modal and multi-spectral 
correlative imaging in a combination with a dedicated portable 
in-situ sample environment for solid-state battery operation and 
conditioning for use at ESS as soon as it comes into operation, 
and with first demonstrations at ILL.

Each of these developments will present an unrivalled progression 
from the current state-of-the-art, while the combined and dedicated 
efforts through the ANISSA project will provide an unprecedented 
characterisation tool for investigation of the Li exchange processes 
inside solid-state batteries with high spatial and temporal resolution.
3 
3. Facilities

3.1. ODIN at ESS

The Optical and Diffraction Imaging with Neutrons (ODIN), from 
the European Spallation Source (ESS), will be the focus for the tech-
nique developments of this project and will also be on the initial batch 
of beamlines to come into operation at ESS. It is expected that ANISSA 
will represent some of the first results yielded by the facility.

ODIN is a multi-purpose imaging beamline engineered to provide 
single-digit μm-range image resolution with very high neutron flux, 
coupled with state-of-the-art event-mode detector technology. The in-
strument is being built with a complex system of choppers which 
allows for constant wavelength resolution over the wide available spec-
trum. The time-of-flight capabilities enable advanced neutron imaging 
techniques, such as polarised neutrons, grating interferometry and 
Bragg-edge imaging. This environment is prime for the study of solid-
state batteries, in particular with the ANISSA approach of Lithium 
enrichment for the operando multimodal studies.

At the time of writing, ESS is expected to begin operation in 2027. 
Until then, the development of the project is expected to take place at 
the Institute Laue-Langevin, in France.

3.2. NeXT at ILL

The Neutrons and X-rays Tomography (NeXT) beamline, at the 
Institute Laue-Langevin, in Grenoble, France, is a well-established, 
state-of-the-art neutron facility which offers the most powerful cold 
neutron beam in the world [20]. The high flux offered by NeXT allows 
for very high-resolution measurements, down to 3 μm. Due to the 
high flux, NeXT also provides the possibility for multimodal operando
measurements of small samples, such as solid-state batteries. These 
samples in particular can greatly benefit of the correlative information 
of this technique, as shown in Fig.  3.

In addition to the 4D imaging, NeXT will also allow for operando
measurements, both in radiography and tomography, using advanced 
imaging techniques, such as polarised neutron imaging, grating inter-
ferometry or monochromatic imaging by means of the double crystal 
monochromator setup.

4. Scientific advancement and results

Research on solid state batteries has been revived during recent 
years towards doubling practical capacity compared to the successful 
Li-ion batteries, which today dominate the market for both portable 
electronics and the transport sector. We have a strong driving force 
to obtain new scientific insights, which in the best of worlds could 
be transferred to other more applied research projects, as new in-
novative battery solutions. The significance of the project will be 
unprecedented in terms of new knowledge about subtle Li-ion transport 
reactions in solids, especially at interfaces and interphase develop-
ment in solid-state batteries. The development of advanced imaging of 
battery operation, combining attenuation of X-rays and neutrons, will 
provide a key, currently missing, component in the toolbox for char-
acterising battery materials and battery concepts. The ANISSA project 
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Fig. 3. A: visualisation of two slices of a tomogram taken by X-rays (top) and neutrons (bottom) at the ILL beamline using a high-resolution set-up. B: Segmentation 
of an NCM-811 solid-state battery by combining the information from two registered neutron and X-ray tomograms. C: Representation of the multimodal histogram 
showing the combined information from the two registered volumes.
specifically targets multiple critical scientific challenges that currently 
limit solid-state battery development, each requiring the unique ca-
pabilities of integrated multimodal 5D imaging to achieve a proper 
breakthrough. Lithium transport limitations through solid electrolytes 
represent the first major challenge, where current materials exhibit 
ionic conductivities lower than liquid electrolytes due to poorly un-
derstood microscale transport mechanisms, grain boundary effects, and 
microstructural heterogeneities. ANISSA’s multimodal approach com-
bines neutron sensitivity to Li dynamics with X-ray structural mapping 
to directly visualise 3D Li transport pathways, isotope labelling enables 
quantitative diffusion coefficient mapping and the 5D spectral capabil-
ity distinguishes between bulk and interfacial transport mechanisms. 
The chemo-electro–mechanical transport systems accross interfaces can 
be further studied and understood by correlating the neutron spectral 
imaging and the morphological information derived from the X-rays 
through time.

Dendrite nucleation and growth mechanisms represent the another 
fundamental challenge, where Lithium metal electrodes promise dou-
bled energy density but suffer from dendrite-induced short circuits 
due to unknown nucleation triggers, growth kinetics relationships, and 
propagation pathways. High spatial resolution (< 5 μm) combined 
with excellent Li sensitivity enables detection of dendrite precursors 
below conventional detection limits, while time-resolved 3D imaging 
captures complete dendrite evolution. The spectral component dis-
tinguishes between metallic Li dendrites and ionic Li in electrolytes, 
with simultaneous X-ray imaging revealing mechanical deformation 
preceding dendrite breakthrough.

One last sought breakthrough is regarding the study of coupled 
electro-chemo-mechanical processes, where complex interactions be-
tween electrochemical reactions, chemical transport, and mechanical 
deformation during battery operation remain poorly understood, par-
ticularly regarding volume change effects on ionic transport, stress-
performance relationships, and the interplay between chemical degra-
dation and mechanical failure.

As shown in Fig.  3, the combination of information provided by both 
high-resolution neutrons and X-rays will allow for a detailed study of 
the phenomena occurring in operando conditions inside the solid-state 
battery.

The experimental arrangement for the multimodal measurements is 
determined by the different beam geometries (see Fig.  4). The neutron 
beam is considered parallel, contrary to the X-rays, which have a 
conical shape. The resolution in case of neutron setup 𝑅𝑛 is determined 
by the collimation ratio 𝐿∕𝐷 (𝐿 - collimator length, 𝐷 - collimator 
aperture) and the distance between the sample and detector 𝑙 as 𝑅𝑛 =
𝑙∕( 𝐿𝐷 ). The X-ray resolution 𝑅𝑥 depends on the magnification ratio 
𝑀 = 𝑆𝐷∕𝑆𝑂 (𝑆𝐷 - source-detector and 𝑆𝑂 - source-object distances) 
as 𝑅𝑥 = 𝑃𝑥∕𝑀 , where 𝑃𝑥 is the pixel size of the X-ray detector. In this 
way, we have two border conditions for simultaneous high-resolution 
imaging with X-rays and neutrons:
4 
1. The sample should be close to the neutron detector, keeping the 
distance 𝑙 small.

2. The sample should be close to the X-ray source, resulting in short 
SO.

On the other hand, the X-ray beam should not illuminate the neu-
tron detector because of its sensitivity to X-rays and the neutron beam 
should not irradiate the X-ray source to prevent radiation damage to 
the electronics. Combining all these constraints, a complex arrangement 
arises, which provides some limitations for the aimed spatial resolution. 
For example, the SO distance is determined by the width of the neutron 
detector if the sample is placed very close to it. In practical cases, the SO 
distance is in the range of 10 cm, which results in a magnification range 
of 5 for a typical SD distance of 50 cm. For achieving spatial resolution 
below 5 μm, one of the goals of the ANISSA project, the pixel size of the 
X-ray detector should be smaller than 25 μm. These criteria determined 
the selection of the optimal X-ray detector based on a sCMOS X-ray 
camera, allowing for high-resolution direct phosphor imaging.

One of the most challenging trade-offs for conventional neutron 
imaging is the compromise between energy and time-resolved imaging. 
Due to the limited flux of neutron sources, researchers typically have 
to choose between higher spatial resolution or faster acquisition times. 
The development that ANISSA plans to bring through with the 5D imag-
ing in ESS will leverage the superior flux present at the facility with 
state-of-the-art event-mode detectors, capable of capturing individual 
neutrons and registering the energy via ToF. This approach offers then 
the potential to tune the spatial resolution and optimise it depending 
on the experimental conditions. This combined development will aim at 
operando measurements with time resolutions of 5–15 min, with spatial 
resolution below 10 μm while maintaining sufficient energy resolution 
to distinguish different crystallographic phases. The energy-resolved 
neutron data allow for quantitative isotopic analysis through cross-
section deconvolution, where individual isotopic concentrations are 
extracted by fitting wavelength-dependent attenuation, distinguishing 
different Lithium isotopes, to derive absolute concentrations and moni-
tor isotope redistribution during battery operation. Bragg-edge analysis 
provides complementary structural information through sharp absorp-
tion edges that reveal crystallographic phases, orientation-dependent 
edge intensities for texture analysis, and edge position shifts indicating 
local stress states. [21,22]

These parameters would enable the direct observation of previously 
inaccessible dynamic processes, such as early-stage dendrite forma-
tion, real-time interface evolution, and Li-ion transport under realistic 
cycling conditions.

The new equipment and approaches installed at ESS, plus an op-
timised electrochemical operando cell, will lead to solutions to many 
fundamental unanswered questions currently hindering the success of 
solid-state batteries. The scientific novelties concerning Li batteries in 
the project will be:
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Fig. 4. Scheme showing the geometrical elements that compose the multimodal imaging set-up, not in scale. On the vertical axis, the neutron beam is constrained 
by a pin-hole with an aperture 𝐷, which will define the collimation ratio 𝐿∕𝐷, where 𝐿 is the distance between the pin-hole and the sample. The sample is 
placed at a distance 𝑙 from the detector, represented by 𝑁𝑑𝑒𝑡. Perpendicular to the neutron beam is the X-ray set-up, with the cone beam geometry produced by 
the X-ray tube. The sample in this case is at a distance 𝑆𝑂 from the source, and its projection is magnified to the detector 𝑋𝑑𝑒𝑡 placed at a distance 𝑆𝐷 from 
the source. There must be a shielding element protecting the neutron scintillator from the influence of the X-ray beam.
1. Imaging to provide new understanding of the Li-ion transport 
properties through the electrolyte (ceramics, polymer electrolyte 
and composite-electrolytes).

2. New insights into ion transport through (evolving) interfaces, 
which is a challenging issue for many solid electrolytes (insta-
bility vs. metallic Li or a high voltage cathode).

3. New methods to create battery materials and for interface engi-
neering to mitigate Li dendrite formation.

There are multiple innovative aspects concerning instrumentation and 
experimental methodology, which will significantly push the conven-
tional boundaries. The X-ray setup will be the first one that will offer 
high resolution (below 5 μm) in combination with neutron imaging and 
will be the first such installation at a pulsed neutron source. Being on 
a pulsed source (and by using the new monochromatic option at the 
ILL during the first part of the project) will enable much improved 
quantification, by correcting for systematic biases introduced by scat-
tered neutrons [23], and enable spectral neutron imaging [24], yielding 
information that is otherwise only attainable from neutron diffrac-
tion (ND) [25], quasi-elastic neutron scattering (QENS) and inelastic 
neutron scattering (INS) [26]. Imaging with the ND, QENS and INS 
as contrast modalities is very recent, and ANISSA will present ideal 
conditions to elevate the methodologies at a new level.

5. Conclusions

The ANISSA project will offer unprecedented insights into the 
electro-chemo-mechanical processes within solid-state batteries. The 
technological innovation will span over multiple interdisciplinary ap-
plications, with developments in multimodal high-resolution operando
5 
5D imaging, battery characterisation and data analysis, bridging cur-
rent gaps in scientific knowledge.

Through the advanced materials design, the project will advance 
the current frontier of knowledge regarding the transport limitations 
on the electrolyte, the interface stability between the electrodes and 
electrolytes and dendrite formation. This research will establish a new 
paradigm for battery characterisation that can be transferred to other 
systems beyond the solid-state. The results from this project will im-
pact the development of next-generation battery concepts, becoming a 
cornerstone for energy storage developments.
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