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High-intensity laser-driven surface plasmon for
coherent synchrotron radiation and TV/m-level
plasma wakefield acceleration

Recent research into the high-intensity laser-driven surface plasmon excitation has revealed the
significant potential of generating extremely strong (~TV/m) fields for particle acceleration and
radiation production. This new approach has emerged by overcoming several challenges in laser-
solid interactions. It therefore holds great promise for reshaping the research direction of large-
scale facilities that pursue the energy frontier and micro-scale facilities that require great flexibility.
At the same time, this research can provide new insights into the extremely complex nonlinear
dynamics of surface plasmons (SPs) in strong fields and a new, unexplored regime of plasma-based
particle acceleration.

In this study, we theoretically and numerically investigate the high-intensity laser-driven exci-
tation of relativistic surface plasmons on the micro-scaled surfaces of structured nanomaterials,
such as vertically aligned carbon nanotube (VACNT) forests. This enables the TV/m-level plasma
wakefield generation for both negatively and positively charged particle acceleration [1-3]. By
investigating SP mode selection on cylindrical surfaces, we have proposed a new principle for
coherent radiation generation that differs fundamentally from traditional superradiance [4]. Our
research offers a new approach to the development of ultrahigh-gradient and ultra-compact parti-
cle accelerators.

Reference:

[1] Bifeng Lei et al. 2025 Plasma Phys. Control. Fusion 67 065036
[2] Bifeng Lei et al. 2025 New J. Phys. 27 084301

[3] Cristian Bontoiu et al. Sci Rep 15, 45323 (2025).

[4] Bifeng Lei et al. Phys. Rev. Lett. 135, 205001 (2025)

Author: LEJ, Bifeng (University of Liverpool)

Co-authors: Prof. BONATTO, Alexandre (Universidade Federal de Ciéncias da Satide de Porto
Alegre); Prof. WELSCH, Carsten (University of Liverpool); Prof. XIA, Guoxing (University of Manch-
ester); Dr ZHANG, Hao (University of Liverpool); Prof. RESTA-LOPEZ, Javier (Universidad de Valen-
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The Role of High-Power X-ray Pulses in Pursuing
Inertial Fusion Energy

The pursuit of controlled energy gain by nuclear fusion took a huge leap forwards with the 2022
demonstration of multi-megajoule energy gain from deuterium-tritium implosions at the National
Ignition Facility. Attention has now turned to applying these breakthroughs to realize commercially-
viable energy production, in particular through the IFE-STAR and FIRE programs from the US De-
partment of Energy.

As part of this decadal effort, the High Energy Density Science (HEDS) division at SLAC is apply-
ing its expertise in using pulses from X-ray Free Electron Lasers to study extreme states of matter.
These deliver femtosecond pulses with tunable wavelength, which we have used to probe bulk
properties of matter and in order to observe phase transitions, ultrafast dynamics and tempera-
ture evolution with greater fidelity than can be delivered by any other approach.

A leading design for delivering fusion targets at Hz-level repetition rates uses polymer foam cap-
sules wetted with liquid nuclear fuels. A new program at SLAC will study these targets in high
precision experiments with powerful X-ray sources to provide the required equation of state (EoS)
data for validation of hydrodynamic simulations.

This talk will cover some of the ways that our existing experiments have begun answering ques-
tions about fusions targets and drivers, and what new diagnostics and analysis techniques will
still need to be developed. Our recent studies have developed sub-micron resolution X-ray imag-
ing techniques and measured shock propagation, instability growth, and heating of foam targets.
Inelastic X-ray scattering with spectral resolution of AE/E = 10-6 can resolve the ion feature and
plasmons and measure the physical properties of fusion plasmas. I will show examples that use
self-seeded X-rays, stochastic correlation of SASE spikes, and Quantum-entangled X-ray photons
to accomplish these goals. These results motivate upgrades to the optical drives lasers at MEC at
LCLS, and the proposed IFE end station at European XFEL. These future experimental capabilities
will couple XFELs to higher-energy and -power lasers than ever before, accessing the pressure
conditions found in fusion capsule implosions.

Author: Dr HARTLEY, Nicholas (HEDS Division, SLAC National Accelerator Laboratory)
Co-author: GLENZER, Siegfried (SLAC National Accelerator Laboratory)

Presenter: Dr HARTLEY, Nicholas (HEDS Division, SLAC National Accelerator Laboratory)
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Experimental characterisation of suppressed thermal
conduction in weakly collisional, magnetised plasma

Classical transport theory predicts that, in a magnetised, collisional plasma, the heat flux parallel to
magnetic field lines is given by Spitzer’s theory of heat conduction for unmagnetised plasmas. Nu-
merous recent theoretical and computational studies have called this prediction into question for
weakly collisional magnetised plasmas in which thermal pressure dominates magnetic pressure (so-
called high-p plasmas). Such plasmas, notable examples of which include the intra-cluster medium
of galaxy clusters and inertial-confinement-fusion deuterium-tritium hotspots, are thought to be
susceptible to a host of anisotropy-driven microinstabilities that can suppress parallel heat conduc-
tion. Various attempts have been made to construct revised theories of heat conduction in such
plasmas, relying on kinetic simulations, but there is a lack of experimental data to benchmark
them. In this talk, we report a new experiment at the Orion Laser Facility in which the temporal
evolution of the temperature in a high-p, weakly collisional plasma is primarily dependent on the
magnitude of the thermal conductivity along its laminar magnetic field. This temperature evolu-
tion, along with the plasma’s density and magnetic field, is characterised with a suite of plasma
diagnostics: x-ray spectroscopy and imaging, and proton radiography. Our data indicate signif-
icant suppression of thermal conduction compared to predictions from Spitzer once stochastic
magnetic fluctuations develop. These results have important implications for transport modelling
in both astrophysical and laser plasma physics.

Author: VINCENT, Thomas (University of Oxford)

Co-authors: Dr BOTT, Archie (University of Oxford); HEATCONDMAGPLASMA COLLABORA-
TION; Prof. TZEFERACOS, Petros (University of Rochester); Dr HODGE, Tom (AWE)
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Buffering and Burn Through of Transients in the
MAST-U Super-X Divertor

The MAST Upgrade super-X divertor [1,2] creates ideal conditions for detachment with a long
connection length and high neutral pressure in the divertor region. While results have shown the
super-X strongly mitigates heat flux during steady state plasma conditions, the survivability of
the divertor during transient events is a key requirement for future plasma devices[3]. Although
large transients such as ELMs are not expected to be tolerable in future devices, certain types of
transients, such as H-L back transition, are unavoidable and the ability to tolerate slightly larger
transients may open up useful operational regimes.

The impact of transients in the Super-X configuration has been investigated on MAST-U using
advanced diagnostics, focused experiments and improved modelling. An Ultra Fast Divertor Spec-
troscopy providing fast Fulcher measurements of the detachment front position has offered new in-
sight into what is occurring during transients. This has been combined with fast Infra-Red camera
data, divertor Thomson scattering at the target and camera imaging. Dedicated experiments have
been performed on both ELMs and Sawteeth transients, scanning neutral deuterium gas pressure,
performing nitrogen seeding in the Super-X chamber and using X-point Target Configuration to
mitigate the heat flux, as well as dedicated comparisons with conventional divertor configurations.

The experimental results have quantified the dependence of the buffering on transient energy and
neutral deuterium gas pressure. An approximately linear increase in peak power flux is observed
with transient energy, or reducing neutral gas pressure, up to a certain point where it enters a
second regime with larger increase in target heat flux. It may be that the second regime is where
the neutral inventory has been depleted and after which point additional energy causes propor-
tionately greater increase in heat flux. Comparing Super-X with the conventional divertor has
shown reduced heat flux in line with the improved geometry of the Super-X divertor. Very strong
mitigation of transients with Nitrogen gas have also been demonstrated albeit with some impact
on core performance, offering a promising path forward using impurities to mitigate transients.
The heat flux from transients greatly increase Te and ne in the divertor. These increases have been
captured in Thomson scattering data and are compared with modelling in the ReMKiT1D frame-
work[4]. This modelling has shown that recycling plays a key role in understanding the transient
heat flux.

This work has been carried out within the framework of the EUROfusion Consortium, funded by
the European Union via the Euratom Research and Training Programme (Grant Agreement No.
101052200—EUROfusion). It has also been supported by the EPSRC Energy Programme (grant
number EP/W006839/1).

References

[1] Leonard, A. W, Plasma Phys. Control. Fusion 60 (2018) 044001

[2] J. Harrison et al., “Overview of the mast upgrade super-x divertor”, Nuclear Materials and
Energy 12, 1072-1076 (2017).

[3] G. Federici et al., “Plasma-material interactions in current tokamaks and their implications for
next step fusion reactors”, Nuclear Fusion 41, 1967-2137 (2001)

[4] S. Mijin et al, “ReMKiT1d: a framework for building reactive multi-fluid models of the tokamak
scrape-off layer with coupled electron kinetics in 1d”, Computer Physics Communications 300,
109195 (2024).
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Zonal Flows driven by Toroidicity-induced Alfven
Eigenmodes, mitigating core turbulence in DIII-D*

The interaction of fast-ion-driven Alfven Eigenmodes with axisymmetric Zonal shear flows in
toroidal plasmas has recently received significant attention due to the potential stabilization of
microturbulence and reduction of radial transport [1,2,3]. Here, we present clear experimental
evidence that multiple simultaneous Toroidicity-induced Alfven Eigenmodes [4] drive mesoscale
(p; < 1/k, <Ly, L), radially localized Zonal shear flows and suppress ITG turbulence in DIII-D.
An upper single null diverted target plasma (B; = 1.257', I, = 0.61M A, gg95 ~ 5.4) is heated via
neutral beam injection (Pypr ~ 4M W), intermittently destabilizing TAE modes. Multi-channel
Doppler Backscattering (DBS [5]) probes the local ExB flow, flow shear, and turbulence (density
fluctuation) levels at normalized radii 0.2 p 0.8. Using two multi-channel DBS systems located 180°
apart toroidally, the axisymmetric nature of the measured Zonal shear flows has been confirmed.
Near mid-radius, the local ExB shearing rate increases by roughly an order of magnitude (from
Wpen ~ 2 — 3x10%*rad/s—2x10°rad/s) and exceeds the plasma frame turbulence decorrelation
rate intermittently when multiple TAE modes are present. Simultaneously, density fluctuation
levels (kgps =~ 0.4 — 0.8) are reduced by 35-50%, with almost perfect anti-correlation between
fluctuation level and local shearing rate. The observed shear flows are not localized to low order
rational surfaces. DBS measurements confirm causality (the TAE amplitude leads the maximum
ZF shearing rate); in turn the local ExB shearing rate leads ITG fluctuation suppression (by ~704.s)
near mid-radius (p =~ 0.55). In contrast, the shearing rate lags fluctuation suppression in the
inner core (p ~ 0.35), potentially indicating shear flow drive from the turbulence spectrum at this
radius. Further work will be presented to elucidate the coupling and energy exchange between
TAE modes, Zonal Flows and drift wave turbulence via bispectral/transfer entropy analysis.

*This work supported by US DoE under DE-FC02-04ER54698, DE-SC0020287, DE-SC0020337, DE-
SC0019352 and DE-FG02-08ER54999.

[1] L. Chen and F. Zonca, Phys. Rev. Lett. 109, 145002 (2012).

[2] G.J. Choi et al., Nucl. Fusion 64, 016028 (2024).

[3] X.D. Du et al., Phys. Rev. Lett. 135, 265101 (2025).

[4] M.A. Van Zeeland et al., Phys. Rev. Lett. 97, 135001 (2006).

[5] W.A. Peebles et al., Rev. Sci. Instr. 81, 10D902 (2010).

Author: SCHMITZ, Lothar (University of California Los Angeles)
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BERIS, T. (Princeton Plasma Physics Laboratory); DIAMOND, P.H. (University of California San Diego); HONG,
R. (University of California Los Angeles); BACHANT, I. (University of California Irvine); CALLAHAN,

KJ. (University of California Irvine); VANZEELAND, M. (General Atomics); YAN, Z. (University of
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Plasma shape effects on L-H power threshold and
H-mode in JET-ILW

Early studies in JET-C already indicated that the power threshold for the L-H transition (PLH)
depends on plasma magnetic configuration [1]: PLH is lower in plasmas with strike points on
horizontal targets (HT) when compared with vertical target (VT) plasmas. Initial studies in the
JET-ILW have shown that even small changes in outer strike location can affect both PLH, and the
density at which PLH is minimum (ne,min) [2,3].

Further detailed studies have confirmed these trends, expanding the shapes being studied and
pointing out differences in transition dynamics [4]. Configurations with both inner and outer
strikes on Vertical tiles (VT, vertical target) and with strikes on the corners of the divertor (CC,
corner-corner) both have higher PLH and lower ne,min than those with the outer strike on the
tilted central divertor tile (HT, horizontal target). The perpendicular rotation of the turbulence
before the L-H transition differs significantly amongst configurations [5]. For any configuration,
lower plasma current reduces ne,min, which in general is related to f{GW,min= ne,min/nGW [6].
Additionally, it has been shown that for given configuration f{GW,min depends on plasma content,
being lowest for Tritium, followed by Deuterium, D+T, Hydrogen [6,7].

The configuration effect on PLH and ne,min introduces factor of 2 uncertainties on the prediction
of PLH in future devices [7]. No explanation is available yet.

Interestingly, once in the ELMy H-mode regime, the configurations with higher PLH exhibit con-
siderably better confinement and lower type I ELM frequency, the latter being affected even by
small strike sweeps. Therefore, the ratio of input power over PLH is not a good indicator of the
power required to obtain good H-mode confinement, indicating that the mechanisms responsible
for triggering the formation of an edge transport barrier don’t determine its evolution in a well-
established H-mode.

[1] Y Andrew et al PPCF 50 124053 (2008) [2] E. Delabie et al 25th IAEA Fusion Energy Conf.,
Saint-Peterburg, Russia, 2014, poster EX/5-24 [3] C. F. Maggi et al NF 54 023007 (2014)

[4] E. Delabie et al Proc. 42nd EPS Conf. on Plasma Physics, Lisbon, Portugal, 2015, Oral 03.113
[5] C. Silva, et al, NF 62 126057 (2022) [6] E. R. Solano et al 2021 NF 61 124001 (2021)

[7] E. R. Solano et al NF 63 112011 (2023) [8] E. Delabie et al NF 66 036016 (2026)

Authors: Dr SOLANO, Emilia R. (Laboratorio Nacional de Fusion, CIEMAT, Spain); Dr DELABIE,
E (Oak Ridge National Laboratory); Dr SILVA, C (Instituto de Plasmas e Fusdo Nuclear); Dr MAGGI,
C (UKAEA); Dr VINCENZI, P (Consorzio RFX); Dr FRASSINETTI, L (Fusion Plasma Physics, EECS,
KTH); MORALES, R.B. (UKAEA); HUANG, Z. (UKAEA); Dr SAARELMA, S (UKAEA,); Dr DE LA
LUNA, Elena (Laboratorio Nacional de Fusiéon, CIEMAT); Dr LOMANOWSKI, B (Oak Ridge National
Laboratory); Dr ANDREW, Y (Blackett Laboratory, Imperial College London); JET COLLABORA-
TORS
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Physics basis of a Volumetric Neutron Source (VNS)
for component testing and qualification

A study is being carried out within EUROfusion to address the feasibility of a Volumetric Neu-
tron Source (VNS). VNS is a medium-size tokamak (R = 2.67 m, B0 = 5.6 T, A = 4.25, Ip = 2.54
MA) operating D-T plasmas, able to achieve a significant neutron wall load (approximately 0.5
MW/mz2) on long pulses, to be built and operated in parallel to ITER. Purpose is to test and qualify
in-vessel components, in particular the breeding blanket and the divertor, under large neutron
irradiation, fluence and heat flux in a reactor-relevant environment. VNS is based on beam-target
fusion reactions, which enable a significant fusion power despite the reduced device size. Neu-
tral Beams are employed both to generate the beam-target reactions (as in JET D-T fusion energy
record [Maslov, NF 2023, PPCF2026 submitted]), and to drive the plasma current to sustain the
requested long pulses. Additional EC power is installed to keep the electron temperature high (a
fundamental aspect in beam-target driven devices), and for control reasons. This work illustrates
the design-driving criteria according to which the current VNS design point has been identified.
A series of scans performed with the plasma simulator METIS [Artaud, NF 2018] coupled with the
code MADE [Giannini, FED 2023] for preliminary magnets sizing is also presented. The results
highlight the impact of relevant machine parameters on the VNS performance.

In addition, this work reviews the VNS plasma scenario, with focus on its critical features. This is
currently being investigated with codes of different level of fidelity, both looking at some particu-
lar aspect in isolation, but also with integrated modelling —e.g. for tungsten accumulation. Further
analyses deal with MHD stability (with particular attention on the interplay with energetic parti-
cles), power exhaust, fast particles confinement (both beams and alpha’s) and beam deposition, as
well as magnetic equilibrium and control. In the near future, a study of the dynamic phases and of
the machine controllability in a broad sense via Pulse Design tools (e.g. Fenix [David, OPS 2025])
is planned, following what has recently been carried out for EU-DEMO [Di Grazia, FED 2025].

Author: SICCINIO, Mattia (Max-Planck-Institut fiir Plasmaphysik)

Co-authors: QUARTARARO, Andrea (EUROfusion Consortium); BACHMANN, Christian (EU-
ROfusion Consortium); BOURDELLE, Clarisse (CEA Cadarache); BRAY, Elisabetta (Politecnico di
Torino); MAVIGLIA, Francesco (EUROfusion Consortium); GIANNINI, Lorenzo (EUROfusion Con-
sortium); ZUMBOLO, Pasquale (EUROfusion Consortium); LAUBER, Philipp (Max-Planck-Institut fir
Plasmaphysik); WIESEN, Sven (DIFFER)
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Overview of High beta experiments on JET in
preparation of JT60SA

High beta discharges with normalized Larmor radius (p*), and normalized beta (BN) relatively
close to JT-60SA scenarios hybrid and advanced were realized in a new series of experiments on
JET-ILW[1]. The strategy of these experiments was to explore high normalized beta (BN) val-
ues, MHD effects at different BT ( Toroidal Magnetic field on axis) and find discharges with mild
MHD. JET/JT-60SA ‘similarity experiments‘can be done with plasma parameters on JT-60SA, at
BT/Ip=1.45T/1.4MA and heating power less than 10MW. Deuterium plasmas were realized in hy-
brid scenario at BT = 1.7, 2, 2.4 T, Ip = 1.4 MA, elongation k = 1.7, triangularity 6 ~ 0.4, q95=4-6,
and central safety factor q0>1 at NBI ( Neutral Beam Injection) start, with NBI power PNBI = 16-25
MW. The preliminary results of the JET high beta experiments were presented in [1]. Here an
overview is presented on the following topics : i) confinement properties of high beta discharges
versus input power and scaling of confinement improvement with beta; ii) dynamics of formation
of the Internal Transport Barriers(ITB) while approaching high beta; iii) pedestal structure and its
evolution at high beta ; iv) current profile evolution. It is found that the maximum normalized
beta ( BN) obtainable, increases with input power and depends ( decreases with ) on the magnetic
field . These effects are compatible with a small dependence of the confinement time on the input
power. Looking into the electron kinetic spatial profiles , the progress toward the high beta is
characterized by the formation of an ITB. The confinement dynamics can be related to the critical
gradient scale length of the ITG turbulence, which is depending on the ratio Ti/Te and magnetic
shear. The confinement properties of these discharges indicate that the H98Y ( the improvement
confinement factor with respect to the ITER confinement scaling ) has a linear dependence on the
BN, changing with the magnetic field. TRANSP analysis done for the pulse 103116 (B=2.4T) shows
that the spatial profile of the diamagnetic current increases from negative values toward zero while
BN increases toward the maximum.

1. F P Orsitto et al , High beta experiments on JET in preparation of JT-60SA , Proc. 50th EPS
Conf on Plasma Physics , 8-12 july 2024, Salamanca , Spain , paper P1-151

Author: ORSITTO, Francesco Paolo (ENEA)

Co-authors: Mr AURIEMMA, Fulvio (CNR Italy); Mr PUCELLA, Gianluca (ENEA); Mr GARZOTTI,
Luca (UKEAA); Mr GABRIELLINT, Stefano (UKAEA); Mr BARUZZO, matteo (ENEA)
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Extreme Astrophysics with Laboratory
electron-positron jets

Relativistic electron—positron (pair) plasmas play a central role in extreme astrophysical environ-
ments, including gamma-ray bursts and pulsar winds, yet their microphysics remains poorly con-
strained by observations. The Fireball programme generates dense, relativistic electron—positron
beams in the laboratory, enabling controlled studies of pair-plasma instabilities and particle accel-
eration under astrophysically relevant conditions.

Fireball is hosted at CERN’s High Radiation Materials facility (HiRadMat) and is currently the
only scheme capable of producing relativistic pair plasmas terrestrially. In this talk, we present
results from the two most recent experimental campaigns, Fireball II and Fireball III. Fireball II
delivered the first experimental measurements of the magnetic-field amplification associated with
beam plasma instabilities involving a relativistic pair jet. Fireball III revealed significant modifica-
tions to the longitudinal beam profile and energy spectrum, consistent with electron acceleration
and positron deceleration during the beam-plasma interaction.

These results provide new experimental constraints on kinetic processes thought to operate in ex-
treme astrophysical sources and demonstrate the potential of laboratory pair plasmas as a platform
for testing relativistic plasma theory.

Author: LOS, Eva

Track Classification: Basic, Space and Astrophysical Plasmas (BSAP): Laboratory Astro-
physics (BSAP)
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Understanding the impact of the divertor
configuration on the L-H transition in the ASDEX
Upgrade tokamak

Future tokamak devices, will operate in high-confinement mode (H-mode) in order to achieve the
plasma confinement required for sustained net energy production. A key parameter describing
H-mode is the power threshold for the L-H transition (P, zr), which has been shown to depend on
various parameters, such as the plasma density, main isotope and plasma shaping. Experiments on
different tokamaks, including JET [E. Delabie, 2014], DIII-D [P. Gohil, 2011] and MAST [H. Meyer,
2011] showed that Py can vary by up to a factor of two depending on the divertor configuration,
indicating the importance of the edge and divertor conditions in the L-H transition. Despite this
sensitivity, the widely used Ppy scaling law [Y.R. Martin, 2008] does not include the divertor
configuration as a parameter, which leads to a significant uncertainty in the predictions. In the
ASDEX Upgrade tokamak, during the 2024 campaign, dedicated upper single null (USN) discharges
with different divertor configurations were performed at low and high densities. Together with a
set of lower single null (LSN) plasmas from a previous campaign, these discharges provide a dataset
with similar operational parameters (plasma current, magnetic field and heating scheme) to study
the divertor configuration dependence of Pr g in ASDEX Upgrade. Significant variations in Pr, g
were observed between the different divertor configurations in both the LSN and USN discharges
and in both density branches. The analysis focuses on the divertor conditions and the evolution
of the midplane kinetic profiles prior to the L-H transition. This study can help us to understand
the underlying physics of the L-H transition, to clarify the role of the divertor configuration on
the Ppy and to improve our ability to optimize H-mode access in future fusion reactors.

Author: Ms TAKACS, Roxana (Max Planck Institute for Plasma Physics, Garching)

Co-authors: Dr BIRKENMEIER, Gregor (Max Planck Institute for Plasma Physics, Garching); Dr
WILLENSDORFER, Matthias (Max Planck Institute for Plasma Physics, Garching); Dr DUNNE, Michael
(Max Planck Institute for Plasma Physics, Garching)
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Stimulated scattering of a spectrally broadened laser
beam in inhomogeneous plasma

Spectral smoothing of laser pulses is considered a promising approach for controlling parametric
instabilities and improving laser plasma coupling in inertial fusion research. A limited number of
experiments with broadband lasers and contradicting theoretical results motivate a more general
assessment of the pump bandwidth on the excitation of parametric instabilities in a spatially in-
homogeneous plasma. Here, we report on the studies of the forward and backward scattering in
inhomogeneous plasma by comparing a monochromatic pump, a phase-modulated pump, and a
pump with random phase modulations. In the time domain, phase-modulated and random pumps
produce a qualitatively similar effect, reducing the temporal growth rate approximately inversely
proportional to the bandwidth, in agreement with theoretical predictions following from the ran-
dom phase approximation. Significant differences are observed, however, in the case of convective
amplification in a spatially limited pump and in an inhomogeneous plasma. The level of saturation
of the scattered light is enhanced and is associated with large temporal and statistical fluctuations
if the pump correlation time is larger or comparable to the instability growth time. These fluctu-
ations are associated with high-intensity spikes or groups of spikes in the pump field. The one-
dimensional analysis of parametric instabilities is extended to speckled laser beams, assuming that
each speckle generates scattered light independently. The laser bandwidth can suppress scattering
from low-intensity speckles, but the high-intensity speckles may still dominate the response. A
criterion for the bandwidth suppression of stimulated scattering in a speckled beam is proposed.
References:

V. Tikhonchuk, D. Blackman, P. Loiseau, and C. Ruyer, Effect of spectral bandwidth on the stimu-
lated scattering of laser beams in plasma, Phys. Plasmas 33, 012107 (2026)

Author: Prof. TIKHONCHUK, Vladimir (UNIVERSITY OF BORDEAUX)

Co-authors: Dr RUYER, Charles (CEA, DAM, DIF); Dr BLACKMAN, David (Extreme Light Infras-
tructure ERIC); Dr LOISEAU, Pascal (CEA, DAM, DIF)
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Gyrokinetic electrostatic ITG-TEM simulation of
H-mode plasmas in COMPASS-like geometry

Considerable progress has been made in modelling edge turbulence and the L-H transition using
fluid and kinetic approaches. However, the gyrokinetic simulation of a complete transition from
steady-state

L-mode turbulence to a quasi-stationary H-mode remains a challenge. To simulate the transport
properties of the H-mode pedestal, an alternative approach, avoiding the L-H transition is to start
the simulation with profiles (density, temperature, current density) approximating the expected H-
mode profiles. This approach has, for example, been successfully applied in [1] using the GRILLIX
drift-fluid code. In this paper, we apply the gyro-kinetic model from the JOREK code (named
JOREK-GK) to obtain quasi steady-state H-mode solutions.

The JOREK-GK code builds on the C1 finite element discretisation and the discrete particle module
to implement the well-established electro-static gyrokinetic model including ions and electrons.
The conservative collision model from [2] is included, together with a small-angle scattering model
for the e-i collisions. In this paper, only ion-ion and small angle electron-ion collisions are retained.
A simple model for the divertor sheath is also used. This implementation allows global, full-f,
gradient driven, electrostatic simulations in x-point geometry.

Simulations are initialised with H-mode density and pressure profiles in COMPASS-like geometry,
as in [3], followed by an axisymmetric phase with collisions, i.e. without turbulence, to establish
the neoclassical flows. Adding the toroidal harmonics allows to obtain a quasi-steady H-mode
solution including ITG-TEM turbulence, and the stabilisation in the pedestal. The pedestal width
is~1.5cm, in reasonable agreement with experimental observations [3]. The resulting radial electric
field is ~36 kV/m. The reduced turbulent transport inside the pedestal is associated with both a
decrease in fluctuation amplitudes by a factor of 2-3 and a comparable modification of the cross-
phase between pressure and electrostatic potential fluctuations, leading to a local reduction of
turbulent transport by about an order of magnitude. In absence of MHD and kinetic ballooning
(KBM) modes in the electrostatic model, the pedestal height grows well above the experimental
value. A medium-n discrete mode, localised within the pedestal and initially at low amplitude, is
found to grow and eventually trigger a rapid collapse of the pedestal radial electric field.

[1] W. Zholobenko et al., Nucl. Fusion 64 (2024) 106066
[2] P Donnel et al., Plasma Phys. Control. Fusion 63 025006 (2021)
[3] R Panek et al 2016 Plasma Phys. Control. Fusion 58 014015
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Link between edge radial electric field and
confinement improvement in negative triangularity
plasmas in TCV

Negative triangularity (NT) has emerged as a promising alternative to the conventional positive
triangularity (PT) shape of tokamak plasmas. Owing to the suppression of large ELMs, combined
with outstanding L-mode confinement, NT appears as a suitable candidate for core-edge integra-
tion [1,2]. While the fundamental reason for the NT L-mode performance improvement over PT
remains unclear, experiments emphasize the role of the NT edge region [3,4]. This contribution
investigates the edge radial electric field (Er) and its shear as possibly relevant distinguishing fea-
tures between the NT and PT edge. The study is based on recent experiments on the TCV tokamak
that, for the first time, compare the edge Er profile in matched NT/PT discharges [5]. Measure-
ments using a Doppler backscattering diagnostic [6] reveal an Er well that is deeper in NT than in
PT, along with improved L-mode confinement. The stronger edge Er x B shear in NT is observed
systematically under Ohmic, NBI, or ECRH heating. It coincides—at equal heating power—with
higher edge density and temperature. Notably, a deeper Er well is still observed in NT, even when
the auxiliary power in PT is adjusted to match the edge density and temperature profiles of NT. Im-
plications of this decoupling of Er from kinetic profile differences are dicussed. Overall, the results
are compatible with edge Er x B shear stabilization as a possible cause for the beneficial L-mode
confinement properties of the NT edge. Turbulent transport modelling based on the presented
data is underway to elucidate the origin of the differing Er behavior between NT and PT.

[1] K. E. Thome et al. Plasma Physics and Controlled Fus. 2024
[2] O Février et al. Submitted to Nuclear Fusion 2026

[3] A. Balestri et al. Plasma Physics and Controlled Fus. 2024
[4] A. O. Nelson et al. Plasma Physics and Controlled Fus. 2024
[5] S. Rienédcker et al. Nuclear Fusion 2026

[6] S. Rienicker et al. Plasma Physics and Controlled Fus. 2025

Author: RIENACKER, Sascha (Laboratoire de Physique des Plasmas (LPP), CNRS)

Co-authors: FREIL Baptiste (Max Planck Institute for Plasma Physics); VINCENT, Benjamin (EPFL-SPC); LABIT,
Benoit (Ecole Polytechnique Fédérale de Lausanne (EPFL) - SPC); HONORE, Cyrille (Laboratoire de

Physique des Plasmas (LPP), CNRS); Mrs VERMARE, Laure (Laboratoire de Physique des Plasmas (LPP),

CNRS); KRUTKIN, Oleg (EPFL-SPC); HENNEQUIN, Pascale (Laboratoire de Physique des Plasmas

(LPP), CNRS); CODA, Stefano (EPFL-SPC, Lausanne, Switzerland)

Track Classification: Magnetic Confinement Fusion (MCF): Edge and Pedestal Physics
(MCF)

June 30, 2026 Page 14



European Physic... / Report of Contributions On the conservation of orbital ang ...

Contribution ID: 180 Type: Oral Presentation

On the conservation of orbital angular momentum
in laser-plasma interactions

Orbital angular momentum (OAM) transfer in laser-plasma interactions is a fundamental process
far less understood than energy or linear momentum transfer. However, it has important direct
applications, such as the production of strong magnetic fields.

Previous studies of angular momentum transfer in laser—plasma interactions have investigated
both dissipative processes, as well as single electron motion in laser fields carrying OAM.

In this work, we present a novel ray-based approach of laser OAM transfer to plasmas. In this
framework, refraction in plasmas with azimuthal density gradients enables non-dissipative trans-
fer of OAM between the laser and plasma. These gradients can be pre-existing in the plasma, or
self-generated by a spatiotemporally shaped laser pulse. This process is analogous to the mecha-
nism behind orbital AM transfer in spiral phase plates. Our model provides a simple unified inter-
pretation of OAM transfer in many laser-plasma interactions and can be used to explain previous
results.

Utilizing recent breakthroughs in spatio-temporal shaping of high power laser systems, we show
that light springs - lasers carrying multiple OAM modes in multiple frequency bands, can indeed
drive plasma waves with helical density gradients, and self couple into the plasma driving strong
axial magnetic fields. Using SMILEI particle-in-cell simulations, we validate this model and show
that light springs are efficient at transferring the AM to electrons, leading to the generation of
strong longitudinal magnetic fields (a few 100s of Tesla) at moderate laser power (a few 100s of
GW to a few TW).
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Disruption mitigation in EAST with metal walls: a
comparative study of shattered pellet injection and
massive gas injection

The EAST superconducting tokamak, with Mo first walls and ITER-like W divertors, has developed
and tested a Shattered Pellet Injection (SPI) system [1,2] and two Massive Gas Injection (MGI)
systems [3] for disruption mitigation. Neon SPI experiments revealed key disruption dynamics
including helical impurity transport and radiation evolution. Compared with MGI, SPI shows
superior performance: a shorter TQ, longer CQ, stronger core radiation, and ~40% lower electron
temperature with ~50% reduced divertor heat flux [4]. It also generates a more uniform poloidal
radiation profile near the plasma core and avoids cold VDEs seen in MGI disruptions. Impurity
injection, by either SPI or MGI, can trigger MHD mode switching from an inherent n=1/2 to a
new n=1 with reversed rotation, attributed to impurity—plasma interactions [5]. SPI parameter
scans showed smaller fragments ablate rapidly at the edge, while larger ones penetrate deeper and
ablate slowly. Although ISPI generated more uniform TQ radiation, its poorer assimilation caused
a longer pre-TQ phase and weaker halo current mitigation [6]. Finally, RE plateau formation was
achieved with Ar-MGI, critically dependent on pre-disruption non-Maxwellian seed electrons and
suppressed by MHD activity during TQ. These EAST results provide key data and insights for ITER
disruption mitigation system design and operation.
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Particle transport modelling for D/T ratio control
experiments in JET

This study presents particle transport modelling results for D/T ratio control experiments con-
ducted during the JET DTE3 campaign [1]. Interpretative TRANSP and predictive JETTO sim-
ulations were performed to analyse the evolution of the D/T mixture [2] in these experiments
[3]. Using simplified Bohm—-gyroBohm-based transport models, the simulations successfully re-
produced electron density, steady-state D/T ratio, and neutron rate evolution. However, during
the transient phases the predicted D/T ratio responded to control requests faster than observed
experimentally. Additional scenarios, including cases which could not be realised experimentally
where gas injection and pellet sources were swapped, were also investigated, and the correspond-
ing simulation results are discussed.

The findings in this study demonstrate that simple models and assumptions regarding D and T
transport and sources can be successfully adopted to predictively model the behaviour of Real
Time (RT) controllers for D/T ratio. Detailed modelling of the SOL and core across all channels is
not required for such tasks. It has been demonstrated that a simplified approach can be effective,
using (i) measured Te, Ti, (ii) not modelling the SOL physics, and (iii) adopting simplifying parti-
cle transport assumptions. This conclusion is crucial for developing numerical tools to test future
controllers.

In general, the proposed approach for developing and testing real-time D/T controllers should
be directly applicable to future conventional tokamaks, such as ITER, SPARC, and DEMO, where
simplified assumptions about energy and particle transport are valid. For devices where the trans-
port models require validation —such as STEP —applicability largely depends on the extent to
which transport can be reasonably simplified. Regarding source terms, the proposed model ap-
pears broadly applicable. The simulations presented here indicate that particle sources from pellet
injection and NBI can be reliably captured by the models employed in this work. However, for gas
injection sources, the simplified treatment used in this study code may not be adequate for devices
or scenarios characterized by significantly different SOL physics.

[1] C. Maggi et al 2024 Nucl. Fusion 64 112012
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[3] M. Lennholm et al 2025 PRX Energy 4 023007
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Boronisation at AUG: Investigations in view of the
ITER operation

With the recent ITER rebaseline decision introducing a full-tungsten first wall configuration, the
efficacy of wall conditioning via boronisation has become a high priority issue in the ITER opera-
tional planning. ASDEX Upgrade (AUG), equipped with tungsten (W) plasma facing components
and using deuterated diborane, has the unique capability to investigate the main issues arising for
ITER: These include the influence of boronisation on plasma start up, homogeneity of the boron
coating, lifetime of boronisation and tritium inventory in the boron hydride layers.

The ITER plasma start-up scenario was adapted to AUG, matching all relevant plasma parameters.
First experiments without boronisation did not lead to stable plasma conditions. Applying even a
partial boronisation by intentionally using only two of the installed four glow anodes immediately
allowed reliable plasma start-ups and stable discharges.

Quartz microbalance sensors installed at seven different locations and a manipulator system to
expose witness samples offer investigations of layers produced by the coating. The layer thickness
at different locations varies only by a factor of three. Switching off one anode reduces the nearby
deposition by only about 60 % as opposed to a factor ~100 reduction predicted by initial simulations
carried out by ITER. The discrepancy is attributed to the sticking of borane radicals, which was
measured to be ~30% while the simulations assumed 100% sticking. The in-situ measurements were
complemented by 54 long term samples exposed during the entire campaign. For typical plasma
edge temperatures at AUG, W is sputtered mainly by light residual impurity species. These are
reduced by boronisation and by this also the W source. The deposited layers on the long-term
samples were analysed by ion beam techniques to get information on the elementary composition.
A typical D/B ratio of 0.3 is found. This yields a T inventory of less than 2 gr T per boronisation
in ITER.
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Record H-mode pedestal pressure in high
triangularity, high elongation discharges leveraging
the new “Shape and Volume Rise divertor on DIII-D

A new divertor geometry enabling high shaping on DIII-D has been leveraged to achieve the high-
est pressure pedestals observed to date on the device. Peeling-ballooning model calculations sug-
gested increased plasma triangularity and volume would allow the pedestal stability boundary to
develop a broad channel of operation at high density and pressure simultaneously, leading to a
state of a low collisionality pedestal top at high density. This state is rarely achieved in present de-
vices and represents a path for significant gains in future devices, highlighting it as a key challenge
for core-edge integration physics.

ELMy H-mode, QH-mode, and RMP ELM suppressed regimes were developed to access high
pedestal pressure through the Super H-mode channel, with each scenario exploration leading
to novel pedestal physics insights. ELMy H-modes and co-Ip QH-modes resulted in the high-
est pedestal pressure and core performance observed to date in DIII-D, yielding Pped of 37-40kPa,
roughly 2-4 times typical ELMy H-mode values, and Ptau/IaB of 11-14, about twice typical values.

Counter-Ip QH-mode discharges reached record QH densities of ~1.4x1020m-3. QH-mode per-
sisted as the density was raised, shifting from the peeling to ballooning stability boundary. This
phenomenon is likely due to significantly decoupling of low-n peeling and intermediate/high-n
ballooning instabilities as a result of the strong shaping.

RMP experiments established full ELM suppression in the SVR configuration at moderate plasma
current (1.2-1.6 MA) with odd-parity n=3 fields. These discharges sustained high performance
(BN up to 2.8, H98 up to 2, and KE up to 0.4 s) with total pedestal pressures up to 26 kPa and ex-
tended suppression windows (q95 » 4.2-5.3). Optimization of dRsep and coil configuration enabled
stationary ELM-free operation close to double-null shapes, highly relevant for future pilot plant
designs.

The pedestal width in these experiments for all three regimes did not conform to the EPED1 width
scaling typical of H-modes in DIII-D and other devices and instead were found to be consistent
with n=60 ballooning mode critical gradient as a proxy for the KBM.

This work was supported in part by the US Department of Energy under DE-FC02-04ER54698, DE-
SC0014264, DE-AC02-09CH11466, DE-AC05-000R22725, DE-SC0019302, DE-AC52-07NA27344, DE-
SC0022270, and DE-FG02-04ER54761.
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DIII-D-WEST Hybrid Scenario Similarity
Experiments for Long-Pulse Operation

For the first time, identity and similarity experiments between DIII-D and WEST were performed
in the ITER “hybrid-like” regime during dedicated campaigns on the two facilities in 2025. These
experiments exploit the complementary capabilities of the two facilities and aim to illuminate the
path toward combined high fusion performance with high-normalised pressure XN (DIII-D) and
long-pulse scenarios (WEST) in a tungsten environment.

The matched parameters include elongation, positive triangularity, ion VB drift direction toward
X-point, safety factor profile, and core dimensionless physics quantities such as normalized pres-
sure, MXXnormalized gyroradius, electron collisionality, and the ion to electron temperature ratio,
Ti/Te. Core transport physics is explored across different aspect ratios (R/a) (3 at DIII-D and 5 on
WEST). DIII-D accessed high-¥ regimes (strong electromagnetic effects) under low injected torque
(~0 £ 0.5 N'm) using high heating power, while scanning heating mix (ion vs electron), X, Ti/Te,
core radiation via controlled tungsten injection using the Laser Blow-Off system. WEST extended
operation toward long duration pulses using its actively cooled tungsten divertor. Boron impurity
injection was scanned on WEST to control edge conditions and core performance.

It is found that core confinement improves—manifested in higher electron temperature, total en-
ergy content, neutron rate, and ion temperature —under conditions of low separatrix density, con-
sistent with previous observations. The ratio of the thermal energy confinement time (tE) to the
volume-averaged electron—ion collisional heat exchange time (tre-i) emerges as a key parameter
for enhancing ion heating and potentially facilitating H-mode access in electron-heated regimes.
Conditions for both H-mode access and ion heating in electron-dominated regimes on WEST and
DIII-D are compared (role of aspect ratio, ion heating versus electron heating). An outlook is also
provided on extending the campaign by matching aspect ratio, increasing the ECRH power level,
or replicating the dimensionless studies in negative-triangularity configurations with similar L-
mode edges.

The first-of-a-kind coordinated DIII-D and WEST experiments provide a unique multi-machine
dataset to validate predictive models and support extrapolation toward ITER and future fusion
power plants, leveraging the complementary strengths of the two facilities.
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Energetic Particle Physics and Control in the TCV
Tokamak: From Alfvén Eigenmodes to lon Cyclotron
Emission

Energetic particles (EPs) provide plasma heating and current drive in fusion devices, but their
confinement can be strongly affected by Alfvén eigenmodes (AEs) and other instabilities, with im-
plications for performance and plasma—wall interactions in ITER and DEMO. Recent experiments
on the Tokamak a Configuration Variable (TCV) have advanced the physics basis for AE excitation
and control in plasmas with supra-Alfvénic fast ions. Scenarios were established using both co-
and counter-injected neutral beams, enabling controlled variation of fast-ion drive and systematic
characterization of AE activity.

Dedicated control experiments demonstrate reproducible AE suppression using electron-cyclotron
heating and current drive (ECRH/ECCD). The observations indicate that multiple mechanisms con-
tribute, including (i) temperature and density profile modifications affecting damping and reso-
nance conditions, (ii) magnetic-shear changes driven by localized ECCD, and (iii) direct fast-ion
redistribution associated with AE dynamics and EC actuation. Comparative studies in positive and
negative triangularity further show that fast-ion confinement is similar during MHD-quiescent
phases, while AE activity during flat-top conditions differs between shapes, highlighting sensitiv-
ity of EP-driven stability to equilibrium and profile details.

Finally, first observations of ion cyclotron emission (ICE) on TCV open a new diagnostic win-
dow on EP dynamics, complementing established fast-ion measurements and enabling access to
high-frequency signatures linked to EP populations and wave—particle coupling. The results are
discussed in the context of recent findings on other tokamaks, emphasizing common trends and
constraints for robust AE control and improved EP confinement in reactor-relevant regimes.

Author: Dr JANSEN VAN VUUREN, Anton (Swiss Plasma Center, EPFL)

Co-authors: Dr KARPUSHOV, Alexander (Swiss Plasma Center, EPFL); Dr POLEY SANJUAN, Jests
(Swiss Plasma Center, EPFL); Dr LARSEN, Mads Rud (Swiss Plasma Center, EPFL); Dr PODESTA, Mario
Ludovico (Swiss Plasma Center, EPFL); Dr DREVAL, Mykola (Kharkov Institute of Physics and Technol-
ogy); Mr KERNEL, Quentin (Swiss Plasma Center, EPFL); MAZZI, Samuele (CEA Cadarache); SHARA-
POV, Sergei (UKAEA)

Track Classification: Magnetic Confinement Fusion (MCF): Energetic Particles and MHD
(MCF)

June 30, 2026 Page 21



European Physic... / Report of Contributions Turbulence simulations of the...

Contribution ID: 296 Type: Oral Presentation

Turbulence simulations of the Quasi-Continuous
Exhaust regime

The H-mode in tokamaks brings fusion performance within reach but faces two major challenges:
damaging ELMs and excessive divertor heat loads. Recent results across tokamak experiments
identified an ELM-free H-mode—the quasi-continuous exhaust (QCE) regime—combining high
pedestal pressure, reactor-relevant separatrix density, and a broadened the scrape-off layer (SOL)
heat width, making it promising for a fusion reactor [1]. A first-principles understanding of
the turbulence dynamics in QCE plasmas has been elusive, given the complexities of nonlinear,
separatrix-spanning electromagnetic modes and their interactions with large-amplitude, intermit-
tent filaments in the SOL.

We address the challenge using two-fluid turbulence code GRILLIX [2,3]. We conduct global simu-
lations of the QCE regime across the pedestal and SOL in realistic ASDEX Upgrade geometry. The
results reveal a quasi-coherent mode (QCM) [4] spanning the separatrix and launching ballistic,
filamentary blobs into the SOL, reproducing not only mean profiles but also fluctuation spectra
and mode structure seen in experiments.

We identify QCM as a kinetic ballooning mode (KBM) with a long radial correlation length, which
yields transport levels exceeding those of a KBM-unstable ELMy pedestal foot. The transport by
QCM in the pedestal foot is regulated by two key ingredients: the self-consistent formation of a
broad Er well, and the finite Larmor radius physics. The resistivity remains prominent near the X-
point and triggers a secondary resistive X-point mode (RXM) [5]. The emergence of RXM strength-
ens interchange dynamics at the outermost extent of the QCM, thereby launching blobs into the
SOL. The blob-dominated SOL temperature fall-off is then well decoupled from the pedestal-foot
gradient set by the QCM. Together, these dynamics outline a pathway to self-sustained H-mode
confinement with manageable heat exhaust.

[1] M. Faitsch et al., Nucl. Fusion 63, 076013 (2023).
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The Interplay Between the Bell and Firehose
Instabilities

In astrophysical shocks, instabilities driven by the streaming of energetic particles into the up-
stream medium amplify magnetic fields and generate turbulence, enabling efficient cosmic-ray
(CR) acceleration (Malkov et al., 2010). However, a complete and self-consistent picture of CR
acceleration, spanning the initial generation of magnetic fields through their subsequent ampli-
fication and the resulting particle acceleration, remains incomplete. These magnetic fields are
expected to arise from the interplay, competition, and nonlinear evolution of several instabilities,
notably the Bell (Bell, 2004) and firehose instabilities. These interactions happen across a wide
range of scales, making both analytical and numerical investigations challenging. Our work aims
at providing a tentative picture of such interplay through a simplified analytical and numerical
framework, offering insight into mechanisms responsible for large-scale magnetic-field amplifica-
tion.

We present kinetic simulations performed with the SMILEI particle-in-cell (PIC) code (Derouillat et
al., 2018) to study the nonlinear evolution of the Bell and firehose instabilities in counter-streaming
monoenergetic proton beams, used here as a minimal model for cosmic-ray—driven turbulence. By
varying the beam density ratio, we probe regimes where either the Bell or the firehose instability
dominates.

Our results constitute, to our knowledge, the first observation in fully kinetic PIC simulations
of nonlinear self-coupling of the dominant linear mode, leading to growth of large-scale magnetic
fields at twice the linear growth rate, in agreement with earlier magnetohydrodynamic simulations
(Bykov et al., 2013). We develop an analytical interpretation of this behavior based on the growth
of density perturbations, which drive nonlinear electrostatic modes that subsequently feed back
into electromagnetic modes. This mechanism provides a potential pathway for the generation of
large-scale magnetic fluctuations required to approach Bohm diffusion regimes for CRs, and thus
for efficient particle acceleration in astrophysical shocks.
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Integrated core-SOL simulations of H-mode access in
ITER SRO scenarios

The start of research operation (SRO) in ITER will explore H-mode operation as well as commission
control and protection systems including ELM mitigation systems [1]. For successful commission-
ing of the ELM mitigation systems, operation in stable ELMy H-mode is required. To inform the
development of the plasma control system, fully integrated core, edge, scrape-off layer (SOL), di-
vertor simulations are performed with the JINTRAC suite of codes analysing the access to ELMy
H-mode across SRO scenarios. The scenarios studied are 5MA/2.65T and 7.5MA/2.65T deuterium
plasma including the L-mode, L-H transition and H-mode ELMy phases. A range of densities are
analysed, and deuterium gas puff is used to fuel the plasma to the specified Greenwald density frac-
tion with the potential of adding pellets where gas fuelling is insufficient to provide the required
density [2].

Simulations performed so far show that even for the lower current scenario of 5SMA a 60% Green-
wald density fraction plasma is marginal for pedestal development using 30MW EC assuming that
the ITPA 2008 scaling law holds. Heating schemes available during SRO operation consists of
40MW of ECRH and 10 MW ICRH [1]. At the same current a high-density plasma of 80% Green-
wald density fraction needs 40MW EC together with additional IC to access a good quality H-mode.
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Demonstration of shattered pellet injection schemes
at ASDEX Upgrade for disruption mitigation in ITER

ITER will rely on shattered pellet injection (SPI) to mitigate the damaging consequences of plasma
disruptions. Its disruption mitigation system (DMS) is designed to support various injection schemes
and geometries to maximise material assimilation across the evolving plasma conditions during a
disruption. The SPI system at ASDEX Upgrade has been adapted for the recent campaign to test a
variety of injection schemes and to assess post thermal quench (TQ) injections which mimic the
limited fragment plume-plasma intersection as expected for upper port injection in ITER. Exper-
iments show that post-TQ injections suffer from weak fragment ablation due to the low plasma
temperature, reducing densification and acceleration of the current quench (CQ) for minimising
electromagnetic loads. In ohmic density limit disruptions, neon assimilation decreases by ~50%
when fragments arrive 2 ms into the CQ compared with pre-TQ injection, leading to only partially
mitigated CQs due to the comparatively low plasma resistivity.

Early deuterium injection aimed at avoiding the triggering of MHD activity and subsequent global
reconnection event can dilute the plasma and reduce hot-tail runaway seeds. However, initial as-
similation remains low (~20%) and is further reduced by transport losses before TQ onset. Adding
neon improves assimilation without shortening the pre-TQ phase to below the injection duration.
Although smaller and faster fragments in general lead to a steeper density rise, their preferential
edge deposition increases material losses by the time of the TQ. Intrinsic impurities, particularly
tungsten in degraded H-mode plasmas, strongly influence mitigation performance. Longer pre-TQ
phases and lower temperatures enhance fragment penetration and assimilation, and the presence
of intrinsic impurities relaxes CQ mitigation requirements. Multiple Ne/D SPI has revealed that
the assimilation deteriorates if the fragment plumes arrive more than 1 ms apart, which can be
attributed to the already initiated plasma cooling. This imposes a strict requirement on the allow-
able fragment arrival jitter when material must be injected from several locations.

This contribution summarises results from recent ASDEX Upgrade SPI experiments and their im-
plications for ITER’s disruption mitigation strategy.
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Laser-produced tin plasmas for EUV lithography:
Experiment and modeling

Extreme ultraviolet (EUV) lithography at 13.5 nm, driven by laser-produced tin (Sn) plasmas, has
become the foundational technology in semiconductor manufacturing. A primary challenge is the
control of plasma parameters: electron density, electron temperature, and ion charge state distri-
bution, which define the spectral purity and conversion efficiency of the EUV source. Here, we
present our experimental and modeling efforts on comprehensively characterizing laser-produced
tin plasmas and the resulting EUV emission.

On the experimental side, we introduce “SparkLight”, a new platform for generating and charac-
terizing laser-produced plasmas. Tin plasmas are generated by irradiating a continuously moving
tin-coated wire with a 1064 nm Nd:YAG laser. The facility integrates three complementary diag-
nostics: EUV emission spectroscopy, laser interferometry, and coherent Thomson scattering.

We devote particular attention to Thomson scattering, which allows for space- and time-resolved
characterization of laser-produced plasmas. To reject stray light and isolate Thomson signal from
the plasma self-emission, we utilize a compact and cost-effective design based on a Wollaston
prism, volume Bragg grating notch filters, and a single-grating spectrometer.

On the modeling side, we use the radiation hydrodynamics code FLASH to study how laser pulse
shaping can be optimized to improve EUV source performance. We also develop the collisional
Particle-in-Cell code PSC to simulate fast ion debris acceleration in current EUV sources and in
future, shorter wavelength sources.

This work demonstrates an integrated and practical approach for experimental and modeling char-

acterization of plasmas in EUV source development.
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3D hot tail runaway electron generation modelling
with JOREK: validation and predictions for ITER

Disruptions in ITER present the risk of generating large Runaway Electron (RE) beams that may
cause untolerable damage when impacting plasma facing components. Assuming short Thermal
Quenches (TQs) lasting around 1 ms, the hot tail mechanism, driven by the rapid temperature
drop and the resulting non-Maxwellian electron population, may produce dangerous amounts of
RE seeds [1]. This motivates modelling with 3D non linear MHD codes to accurately account
for electron losses due to magnetic field stochasticity and other 3D aspects of the dynamics. The
related physics is highly difficult to capture and remains virtually unexplored.

We leverage the JOREK 3D non-linear MHD code to post-process MHD simulations with test elec-
trons. A dedicated computational framework has been developed to simulate a hot test electron
population evolving in the pre-calculated MHD fields and undergoing collisions with the bulk
electrons and ions. It has been verified in a reduced phase space against DREAM, and preliminary
tested with 3D fields [2].

To approach experimental validation, the DIII-D discharge 178682, identified as producing a hot-
tail RE seed [3], is modelled. A 3D MHD simulation including pellet injection is first performed,
capturing phenomena typically observed during disruptions, such as stochasticity, double tearing
modes, helical cooling, and XX x XX mixing. By using markers, and considering or neglecting the
3D components of the fields, the simulations demonstrate the critical role of stochastic losses in
reducing the RE seed by orders of magnitude.

Finally, the new framework is employed to perform the first full-geometry estimates of mitigated
ITER 15MA H-mode scenarios, using MHD simulations presented in [4]. We observe that Shat-
tered Pellet Injection (SPI) enables, for a degraded H-mode case, a safe disruption with a seed
current below 10e-10 A. However, the baseline H-mode case produces a potentially dangerous
seed. Unlike the DIII-D case, including the 3D effects increases the generated seed from 10 mA to
670 A. For the first time, these simulations reveal a generation boost caused by the formation of
acceleration cells due to the (1,1) helical cooling, as well as the transport of hot electrons from the
core into these regions which overcome stochastic losses.
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Measuring vacuum birefringence using the
dark-field concept at the European XFEL

Quantum field theory predicts that the vacuum exhibits a nonlinear response to strong electro-
magnetic fields, giving rise to phenomena such as vacuum birefringence. Despite its fundamental
significance, this effect has remained experimentally inaccessible and has yet to be observed in
the laboratory. Detecting it would provide a distinct signature of the optical activity of the quan-
tum vacuum and enable a precision test of nonlinear quantum electrodynamics in an unexplored
regime.

A central difficulty in such experiments is isolating the weak signal from the photon background
of the probe beam. In the strong-field region created by a tightly focused IR pump pulse, the X-ray
probe acquires a tiny vacuum-induced polarization rotation and an angular deflection. Conven-
tional approaches rely on ultra-high-contrast polarimetry to suppress the background and reveal
the signal.

We introduce here the dark-field concept, a promising alternative that creates a controlled shadow
in the probe’s near field, enabling a clean angular separation between the vacuum-induced signal
and the background. We report on the recent experimental campaign at the European XFEL’s
High Energy Density (HED) instrument, where this technique was implemented using the X-ray
beam as the probe and the ReLaX IR laser as the pump. The dark-field configuration reduced the
background by roughly 15 orders of magnitude. This design not only increases the sensitivity of the
measurement, but also gives access to both the polarization-flipped and non-flipped components
of the probe, enabling a direct determination of the fundamental QED parameters that can be
confronted with theoretical predictions. We present an overview of the setup, the experimental
results from the last campaing, the expected measurable signal for the upcoming campaign, and
the current status of the advanced simulation framework that models both the vacuum birefringent
signal and its background.
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Proton acceleration efficiency via ultra-short
PW-class lasers

Proton beams generated via Target Normal Sheath Acceleration1,2 (TNSA) using the VEGA PW-
class laser at CLPU were studied by covering pulse durations from 30-500 fs at fixed laser energies,
spanning intensities from 2 x 1018 to 2 x 1020 W/cm?2. This provided a unique, consistent dataset
from a single campaign. Results show cut-off proton energies distribution versus pulse duration ex-
hibit a maximum that scales with laser energy, occurring at intensities within 1 x 1019 and 2 x 1019
W/cm2, thus revealing a saturation mechanism in proton acceleration which differ with several
published scaling from picosecond-driven experiments. Data analysis, supported by theoretical
models and simulations, indicates this behaviour is linked to VEGA high contrast driving ultra-
short scale-length plasma expansion. Consequently, pulse duration strongly impacts efficiency,
decreasing sharply for shorter pulses. Updated electrostatic model, Bayesian analysis rand nu-
merical simulations reproduce the trend, yielding a new scaling law that identifies optimal pulse
duration for given laser energies. These results3 enable improved optimization of proton beams
from ultrashort femtosecond high-power lasers, with potential applications in compact ion and
neutron sources, inertial confinement fusion, radioisotope production and medical physics.

[1] M. Passoni and M. Lontano, Physical Review Letters 101(11), 115001 (2010).

[2] S.C. Wilks et al., Physics of Plasmas 8, 542—-549 (2001)

[3] Jose. A. Pérez-Hernandez et al., Proton acceleration efficiency via ultra-short PW-class lasers,
under review.
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Tungsten dust ingress in WEST: an integrated
modelling approach

Tokamak operation with tungsten walls, as foreseen in ITER and future fusion-based power plants,
faces the potential strong impact of tunsgten dust ingress in the plasma. This was documented on
the WEST tokamak [Bucalossi2024], equipped with an ITER-grade tungsten divertor, during a
high fluence campaign in attached divertor condition: the erosion of tungsten monoblocks gen-
erated deposits that could detach and trigger plasma disruptions [Gaspar2024]. The operation in
a radiative divertor regime mitigates the risk of building tungsten deposits [Gaspar2026], but a
deterioration of plasma operation could be seen after cumulating the equivalent of a single ITER
pulse (Q=10, 400s) in attached divertor condition. Being able to predict the impact of such dusts
in present tokamaks is therefore instrumental, although the task is on many aspects extremely
complex [Smirnov2020]. The modelling of tungsten dust penetration in WEST is performed with
the DUSTTRACK code [Gervasini2027], investigating the tungsten deposition dependence on the
dust size and speed. It shows that for similar range of size and speed, the dust is penetrating fur-
ther inside in WEST compared to JET [Lazzaro2022], due to the lower plasma temperature. The
impact on the plasma evolution is then modelled with the High Fidelity Pulse Simulator (HFPS)
based on JINTRAC [Romanelli2024], with different levels of complexity, from a prediction of cur-
rent diffusion only, up to a prediction of particle (D, N and W) and heat transport using TGLF
[Staebler2021]. With current diffusion only, resistive MHD mode triggering on q=2/1 is found for
a dust mass above 20pg, consistent with experimental observations [Maget2024]. With the more
complete simulation scheme, we find that the localization of the tungsten source inside the plasma
boundary plays an essential role in the observed plasma evolution. The validation of this work-
flow on WEST is a first step towards the evaluation of the maximum allowed dust size in larger
tokamaks and the associated mitigation strategies.

[Bucalossi2024] Bucalossi J et al, Nuclear Fusion 64, 112022, 2024

[Gaspar2024] Gaspar J et al, Nuclear Materials and Energy 41, 101745, 2024
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[Staebler2021] Staebler G et al, Nuclear Fusion 61, 116007, 2021

[Maget2024] Maget P et al, Plasma Phys. Control. Fusion 67, 045005, 2025
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First demonstration of X-mode reflectometry as a

sensor for density and plasma position control on the
WEST tokamak

This work presents the first use of real-time (RT) sensors provided by the eXtraordinary mode
(X-mode) reflectometry for density and plasma position control. Density control using Ordinary
(O-mode) reflectometry as a sensor was demonstrated in Asdex-Upgrade in 2010 \[1\], but requires
an assumption on the density profile position. On the contrary, the X-mode reflectometry enables
to detect the plasma edge radial position, which is used to start the density profile reconstruction
and was planned on ITER \[2\].

A new acquisition system and a new algorithm dedicated to RT measurements were implemented
on the WEST X-mode edge reflectometer. The world first electron density profiles were recon-
structed in real-time during 2024, providing profiles every few ms \[3\].

Real-time density profiles can provide several sensors for plasma control. The first sensor is the
local density at a fixed radial position. The second sensor is the edge plasma position deduced from
the major radius of a fixed density. Thirdly, the plasma position knowledge allows to compute the
density at given distance to the plasma edge, roughly the density at a fixed flux surface.

The first control experiments using X-mode reflectometry sensors have been performed on WEST
in 2025. Density control is usually achieved using the interferometry line integrated density (every
ms), the actuator is the gas injection. First, we replaced the line integrated sensor with the density
at a fixed radial position, to perform control of the local edge density. Secondly, we replaced the
density sensor by the density at a given relative position, allowing to control the local edge den-
sity during a plasma radial translation. These two control experiments were successful, without
any specific issue. Lastly, we replaced the magnetic sensor used to control the plasma position
by the radial position obtained from RT reflectometry. The actuators are the PF coils. The first
experiments showed radial position oscillations due to a latency of about 30 XX on the measure-
ments, specific to reflectometry plasma position control. We improved all the RT data processing
to shorten this latency to a few milliseconds, and the new plasma position control experiments
were performed successfully without any radial oscillations.
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Characterizing the dynamics of dust clouds in dusty
plasmas under weightlessness

The dynamical properties of extended clouds of dust particles in a dusty plasma under the mi-
crogravity conditions of parabolic flights is studied. Here, micrometer-sized dust particles are
immersed into a gaseous plasma of a capacitively coupled radio-frequency discharge. There the
particles become confined in a large extended, nearly force-free dust cloud. The particles are il-
luminated by lasers and the scattered light is recorded by (high-speed) video cameras. For the
dynamical analysis, features of the dust cloud are derived either directly from the image data or
from physical data extracted from the dust cloud. From a comparison of different features the
cloud dynamics (dust-density waves, void formation, structure formation) is characterized.

Financial support from the German Aerospace Center DLR (Contract No. 50WM2161) is gratefully
acknowledged.
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Ultra-intense neutron source production using
laser-driven photonuclear reactions on the
LM]J-PETAL facility.

This work tackles the production and experimental characterization of a broad-range ultra-intense
neutron source on the LMJ-PETAL facility. Using the PETAL laser (700 J, 500 fs) as a driver of laser-
plasma accelerated electron beams, bremsstrahlung gamma-rays were radiated by the relativistic
electrons in a 5 cm-thick lead (Pb) converter in a pitcher-catcher configuration. The high-energy
photons were then able to induce the emission of photoneutrons through (y, zn) photonuclear
reactions with Pb. The primary electrons were accelerated in the self-modulated laser-wakefield
acceleration (SM-LWFA) regime within a supersonic helium gaz jet. This acceleration mechanism
is known to generate high electron charges approaching the microCoulomb (1 C), hence its po-
tential for secondary source generation. Using time-of-flight neutron (nToF) scintillator detectors,
nuclear activation diagnostics and Geant4 simulations, the setup is shown to have produced up
to 2 x 100 fast neutrons per shot with energies reaching about 20 MeV. Such high-flux sources
could find application in nuclear physics and astrophysics, as well as in material science.
Moreover, traces of high-energy gamma-induced nuclear fragmentation were recorded on our nu-
clear activation diagnostic, demonstrating the potential of this scheme to produce radioisotopes
akin to conventional spallation facilities but with a more compact setup and a lower overall pro-
duction cost.
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Sustaining long-pulse, high-performance plasmas in
the optimized stellarator W7-X by repetitive pellet
injection

We report on the development of discharge scenarios that enable long-term stabilization (t > 77,/ )
of equilibrated high-performance plasmas in the optimized stellarator W7-X. The scenarios exploit
repetitive pellet injection combined with second-harmonic O-mode heating, which together may
raise the ion temperature beyond the ion-temperature clamping limit (>1.5 keV) and sustain a
quasi-stationary operational cycle at high density and plasma energy up to the available heating
duration.

Surprisingly, these plasmas exhibit indications of central fueling and the plasma ions appear to con-
tribute to the thermalisation of the injected pellet material. Targeted impurity seeding mitigates
heat loads on critical components without impurity accumulation thereby enabling longer pulses.
As a consequence of pellet injection, the plasma parameters oscillate within a limited range. In
particular, under constant and optimized pellet fueling and plasma heating, good confinement is
achieved over several dozen pellet cycles. This PULSE (Pellet-Utilized Long-Pulse Steady-State En-
abled) regime proves robust: if irregularities in pellet size temporarily reduce plasma performance,
recovery to high performance is observed once the nominal fueling rate is restored.

In initial experiments, central ion temperatures exceeding 2 keV and central densities above 1.5 X
10%° m =3 were obtained at the maximum of the pellet-induced cycles. During these phases, cen-
tral beta values of up to 4 % were achieved, together with confinement consistent with the 1IS504
scaling (fren 1). The improved confinement appears to be related to a local reduction of transport
that remains stabilized over a pellet cycle in the PULSE regime. For the first time, dimensionless
parameters of reactor relevance have been achieved in stellarator plasmas sustained for up to 43 s.
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Charging dynamics of single and clustered
microparticles in spatiotemporal afterglow plasmas

As semiconductor devices continue to shrink, maintaining ultra-clean fabrication environments
becomes increasingly critical. To eliminate unwanted particles from low-pressure, high-purity
processing systems, a novel technique known as the “plasma seal’has been proposed. This method
uses plasma to electrically charge contaminant particles, enabling their removal through an exter-
nally applied electric field. However, because the plasma screens the particles from the electric
field, effective deflection can only take place either outside the active plasma region, immediately
after the plasma is switched off or during the spatiotemporal afterglow, which combines aspects
of both regimes.

Recent research has advanced the understanding of particle charging mechanisms in the spatiotem-
poral afterglow, yet the role of particle clustering remains largely unexplored. In this contribution,
we examine how cluster size influences particle charging behavior. Optical emission spectroscopy
is employed to link particle charge to key plasma parameters. The findings provide experimental
validation of established theoretical models describing particle charging processes.
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Mitigation of Stimulated Raman Scattering and
Stimulated Brillouin Scattering in kinetic regime
using Smoothed Broadband Laser

High-energy laser beams used in inertial confinement fusion (ICF) experiments are subject to
phase aberrations as they propagate through numerous optical elements. These aberrations induce
large non-uniformities at the focal spot and significant shot-to-shot variations, which can compro-
mise implosion symmetry. While Random Phase Plates (RPP) are routinely employed to improve
beam stability, this spatial smoothing technique inherently creates small-scale hot spots known as
speckles. These speckles strongly affect laser-plasma interaction by seeding deleterious instabili-
ties, specifically Stimulated Brillouin Scattering (SBS) and Backward Stimulated Raman Scattering
(SRS). These processes lead to potential optics damage, target pre-heating via supra-thermal elec-
trons, and a reduction in the energy effectively delivered to the capsule. To mitigate these effects,
the speckle coherence time, tc, must be shorter than the growth rate of the instabilities. Currently,
standard Smoothing by Spectral Dispersion (SSD) appears insufficient to reach this regime. Us-
ing 2D and 3D Particle-In-Cell (PIC) simulations optimized for CPU and GPU architectures, we
investigate several schemes to break spatial and temporal coherence in the kinetic regime. We
focus on Broadband Laser configurations and the Induced Spatial Incoherence (ISI) method. Our
results demonstrate that while reducing SBS is achievable, certain configurations can dramatically
increase SRS, highlighting limitations of using “moderate bandwidth” approaches.

Authors: BOUCHARD, Guillaume (CEA/DAM/DIF); MASSON-LABORDE, P.E. (CEA , DAM, CEA-DIF,
F-91297 Arpajon (France))
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A unified description of spatiotemporal
ultrarelativistic beam-plasma instabilities under the
quasistatic approximation

Plasma streaming instabilities driven by ultrarelativistic charged particle beams in dense ambient
plasmas play a central role in astrophysical and laboratory settings 1. However, their numerical
modeling is hampered by the large disparity in dynamical scales between the beam and plasma
particles.

Here, we leverage the quasistatic approximation (QSA)-widely used in the context of plasma ac-
celerators 2—to develop a unified model of unstable modes in the realistic case where the beam
continuously encounters fresh plasma at its leading edge. Unlike previous works [3,4], we do not
adopt the slowly varying envelope approximation (SVEA). This allows us to capture the unstable
modes developing throughout the beam region, and thus to clarify the interplay of the current
filamentation (CFI) and oblique-two-stream (OTSI) instabilities, under conditions where standard
theory predicts dominance of the OTSI 1. By contrast, we find that spatiotemporal CFI modes
prevail near the front—precisely where the SVEA breaks down—and are superseded by the spa-
tiotemporal OTSI further away.

We benchmark our theory against high-resolution particle-in-cell (PIC) simulations and QSA-based
PIC (QS-PIC) simulations performed using our newly developed QuaSSis code [5]. We demonstrate
that the dramatic computational speedup offered by the QS-PIC method makes it possible to probe
extreme beam-plasma interactions, such as those expected in the context of blazar jets.

Finally, we extend our theory to collisional systems. We show analytically that the collisionality
of the background plasma entails a more complex instability dynamics, involving a succession of
spatiotemporal and temporal variants of the CFI and OTSI, which is well reproduced by low-noise
collisional QS-PIC simulations.
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Full reconstruction of the energy partitioning in
2-um-wavelength-laser-driven plasma sources of
extreme ultraviolet light

State-of-the-art nanolithography uses extreme ultraviolet (EUV) radiation at 13.5 nm emitted from
tin laser-produced plasma (LPP), driven by a 10.6 pm-wavelength CO2-gas laser, to create the small-
est features on semiconductor devices. Advances in solid-state laser technologies have led to the
alternative concept of a 2 pm-wavelength-driven LPP as a promising candidate for a more effi-
cient and more powerful EUV source. At this drive laser wavelength a high conversion efficiency
of laser energy into EUV radiation of 4% has been demonstrated [Appl. Phys. Lett. 123, 234101
(2023)], but a full picture of the plasma has not been shown to date.

In this study we characterize the partitioning of all emissions of a 2 pm laser driven plasma to
have a full picture of the energy sinks. We use our custom-built high energy 2 pm laser system,
developed at ARCNL, to heat a tin sheet into an EUV emitting plasma. Plasma emissions are mea-
sured by an extensive diagnostic suite: In-band EUV light (13.5nm+1%) is measured, correcting
for the emission anisotropy, by a set of EUV photodiodes. The EUV emission is combined with
the emission spectrum measured in 5-260nm in order to reconstruct the full radiative emission.
Ion emissions are measured with a set of retarding field analyzers, reconstructing the charge-state-
resolved ion kinetic energy spectrum. Together with laser reflection and kinetics of the remaining
neutral tin this accounts for the energy sinks in the plasma.

We can for the first time reconstruct 100% of the incoming laser energy. With ~70%, most of the
energy goes into photons, the largest part of which is emitted in the 5-80 nm wavelength range.
Plasma ions contribute ~30% of the energy, and, contrary to available theory and numerical sim-
ulations, we find that this fraction decreases as a function of the laser intensity. This is a key
insight in finding pathways to optimize plasma for industrial application. Our results offer insight
into the energy partitioning of EUV-emitting plasmas for research and industrial nanolithography
alike, and provide a benchmark for plasma light source development.
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COMPACT: the future facility for complex (dusty)
plasma research in space

Experiments under microgravity conditions are a cornerstone of complex (dusty) plasma research.
In microgravity, large particle systems can be generated and studied, without sedimentation over-
shadowing particle interaction and dynamics.

Thus, a series of facilities (PKE-Nefedov, PK-3 Plus, PK-4) were and are operated onboard the
International Space Station since the early 2000s, providing dedicated research platforms.

An international science definition team (SDT) recently identified so-far unanswered scientific
questions from the areas statistical physics, phase transitions, nonlinear dynamics, active matter,
planetary physics and the use of particles as diagnostics in the plasma. The SDT compiled an
extensive research program for the future facility COMPACT: an international, multi-user facility
for the community with strong support by multiple agencies (DLR, NASA, ESA, NSF).

COMPACT offers a wide range of experimental capabilities such as manipulation of particles by
laser, UV-light, or low-frequency electric signals, a pulsed rf discharge mode, a multi-electrode sys-
tem, and a variable discharge volume. Advanced optical diagnostics include a stereoscopic camera
setup for 3D particle diagnostics, and spatially and spectrally resolved plasma glow observation.

A phase B study (preliminary definition) was finished successfully in early 2026, with major com-
ponents identified and tested. We will present the scientific program and project status, alongside
with first scientific results obtained during preliminary investigations using the COMPACT hard-
ware on parabolic flight campaigns.

This work is funded by DLR/BMWi FKZ 50WM2161, FKZ 50WM2561.
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X-ray phase contrast Imaging of propagating shocks
within TMPTA using the SACLA x-ray free electron
laser

Direct drive inertial confinement fuison are especially susceptible to driver non-uniformities that
imprint structure of on to the target surface. The imprinted structure seed hydrodynamic isntabil-
ities whilst launching non-uniform shocks. This talk presents the results of using x-ray phase
contrast imaging of a propagting shock within TMPTA foam using the x-ray free electron laser
present at SACLA.
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Dark-Field Shadowgraphy: An Ultra-Sensitive
Diagnostic for Probing Plasma-Based Particle
Accelerators

Plasma wakefield accelerators driven by ultra-intense laser pulses (LWFA) or relativistic particle
beams (PWFA) have emerged as a promising route toward compact next-generation accelerators.
Precise characterization of the plasma wave is essential for understanding and optimizing these
schemes. Optical shadowgraphy techniques already enable direct imaging of plasma density per-
turbations and wakefield structures 1. Despite these advances, the sensitivity of conventional
shadowgraphy limits its application to high plasma densities, typically in the 10'® — 10! cm =3
range.

Here, we introduce a dark-field or Schlieren shadowgraphy diagnostic that greatly enhances the
sensitivity of optical shadowgraphy and enables probing ultra-low plasma densities down to the
106 cm~3 range, where plasma waves are invisible to conventional shadowgraphy. Furthermore,
we show with this new diagnostic that we clearly observe for the first time several detailed features
of the plasma accelerator: (i) the position of the laser driver that typically appears as the brightest
signal, (ii) the ion cavities with the plasma electrons circulating around, and (iii) the plasma elec-
tron crossing points at the back of the cavities, characterized by particularly high plasma densities
and strong gradients, yielding a strong diagnostic signal. The method was experimentally tested
first in Salle Jaune at LOA and more recently during campaigns at the Apollon (3 PW) facility. Our
study further demonstrates the capability of this diagnostic to track the temporal evolution and
damping of the wakefield with a relaxation time estimated to be on the order of 10 ps after the
laser passage in good agreement with numerical simulations, together with the formation and ex-
pansion of the associated ion channel. This high-contrast, non-intrusive diagnostic thus provides
a powerful tool for investigating and optimizing plasma-based particle accelerators.

Finally, double gas-jet targets combining a low-density stage followed by a higher-density region
are considered for optimizing ultra-bright gamma-ray production aimed at probing strong-field
quantum electrodynamics processes such as nonlinear Breit-Wheeler pair production 2. Dark-
field shadowgraphy proves particularly well suited to characterize laser propagation and wakefield
generation in such complex density profiles.

1 M. F. Gilljohann et al., Phys. Rev. X 9, 011046 (2019).

2 Matheron et al., Phys. Rev. Research 7, L032011 (2025).
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Bridging plasma microphysics to macroscopic
ammonia synthesis with machine learning

Low-temperature plasmas enable electron-driven plasma NH3 synthesis, yet a quantitative under-
standing of microphysical characteristics relative to reactor-scale performance remains elusive.
Building on a systematic experimental N,—H, dataset spanning varied reactor configurations and
operating conditions, we developed a machine-learning-based framework that links plasma micro-
physics to macroscopic ammonia synthesis, using electrical diagnostics (Lissajous analysis, micro-
discharge statistics), optical emission spectroscopy, and colorimetric NH3 quantification. These
charge and excitation descriptors, along with varied operational conditions, were used to train a
Random Forest model. The model reveals that total charge per pulse and median micro-discharge
energy are the most informative descriptors of the plasma characteristics, which are governed
by barrier thickness, gap geometry, voltage, and plasma on time, altering the reactor capacitance
and electric field. Further, it is observed that when the discharge gap is fixed, increasing barrier
thickness reduces the total micro discharge charge but increases the median energy. On the con-
trary, fixing the electrode gap and increasing the barrier thickness decreases both total charge and
median energy, producing fewer, less energetic filaments. Further, the model showed that the
resulting total charge per pulse is the dominant predictor of NH(A-X) and H Balmer intensities
intern related to ammonia synthesis. Thus, these insights translate into mechanistic design rules:
reducing the discharge gap or increasing barrier thickness increases reactor capacitance and micro
discharge energy, which boosts NH(A-X)/H emission and NH, concentration but at the expense of
energy efficiency, whereas higher total flow may produce less power-dense micro discharges, im-
proving energy efficiency. Overall, this data-driven framework shows how machine learning can
deconvolute complex multidimensional plasma behaviour into physically interpretable guidelines
for optimising non-thermal plasma reactors for sustainable, decentralised ammonia synthesis.
This work builds on Ref. 1.
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Impact of edge cooling on current profile evolution
and resistive wall tearing stability in JET

Edge cooling is frequently observed in tokamak plasmas prior to disruptions and can lead to sig-
nificant changes in the current density profile, potentially destabilizing magnetohydrodynamic
(MHD) activity 1. Understanding whether such cooling can drive the plasma toward instability,
and whether/how the presence of a resistive wall affects this process, is essential for interpreting
pre-disruption dynamics and improving disruption prediction.

In this work, we first investigate linear MHD stability in the presence of a resistive wall using a
newly developed linear solver 2, with particular emphasis on resistive wall tearing modes (RWTMs).
These modes correspond to tearing instabilities that would be stable in the presence of an ideal
wall but become unstable in the no-wall limit 3. The results from this fast solver are benchmarked
against extended MHD simulations using JOREK-STARWALL and CASTOR3D, providing cross-
code validation and establishing confidence in the modeling of RWTMs. This framework enables
a systematic study of the effect of current density profile and resistive wall on MHD stability.
Building on this, we further investigate a realistic JET plasma in which edge cooling was experi-
mentally observed prior to a disruption [4] via simulations with the JOREK-STRAWALL code. The
simulations are initialized by modeling the edge cooling via impurity radiation and subsequently
track the evolution of the current density profile and the onset of MHD activity. Experimental
measurements indicate the presence of unusual and intermittent MHD signatures prior to the dis-
ruption, motivating a detailed numerical investigation of the underlying dynamics. In this work,
we aim to assess whether edge cooling can modify the current profile sufficiently to move the
plasma into an unstable regime and to identify the role of the resistive wall in the resulting MHD
activity. In particular, by comparing simulated behavior with experimental observations, this work
seeks to clarify whether RWTMs provide a consistent interpretation of the observed pre-disruption
dynamics in the JET discharge.
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Reexamination of collisional ionization cross
sections including double ionization processes

Collisional ionization and recombination rates remain a major source of uncertainty in the spec-
troscopic modelling of solid-density plasmas. X-ray free-electron lasers (XFELs) provide a unique
platform to generate warm dense matter with well-defined density and ultrafast energy deposi-
tion, enabling K-shell emission spectra to be used as sensitive diagnostics of ionization dynamics.
However, the interpretation of these spectra depends critically on the treatment of non-thermal
electron distributions, degeneracy effects, and competing atomic processes that may produce sim-
ilar spectral signatures.

In this work, we revisit previously reported K-shell emission spectra from XFEL-irradiated solid-
density aluminium. The experiment used 3 keV, 35 fs XFEL pulses to photoionize aluminium foils,
producing K-shell vacancies and subsequent fluorescence emission. We analyse these data using
the collisional-radiative model BigBarT, which self-consistently evolves the electron continuum,
including non-thermal electron populations and Fermi-Dirac degeneracy effects [1, 2].

We further include shake-off processes following primary photoionization. These processes create
additional L-shell vacancies and generate satellite emission features that can mimic those usually
attributed to collisional ionization 3. Our simulations show that shake-off contributes significantly
to the observed satellite structure. Nevertheless, when standard collisional cross sections are used,
the calculated spectra underestimate the satellite emission, mainly because rapid three-body re-
combination refills L-shell vacancies on too short a timescale.

To assess the sensitivity of the spectra to these rates, we performed simulations with reduced
collisional cross sections. Lowering these rates by an order of magnitude substantially improves
agreement with the experimental data, as longer-lived L-shell holes allow shake-off-driven con-
figurations to contribute more effectively to the emitted spectrum. These results suggest that
commonly used IPD-scaled collisional models may overestimate three-body recombination rates
in low-temperature, solid-density XFEL-driven plasmas.

1 Ansia L. et al., Phys. Rev. E 112, 025201 (2025).
2 A. G. de la Varga, P. Velarde, High Energy Density Physics 9, 542-547 (2013).
3 G. O. Williams et al., arXiv, 2501.16970 (2025).
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Microwave Cavity Resonance Spectroscopy as a
diagnostic technique for plasmas and electron beams

One of the main defining characteristics of a plasma is the electron density. Conventional electron
density diagnostic techniques, such as Langmuir probes or Thomson scattering are generally rela-
tively invasive. As an alternative, Microwave Cavity Resonance Spectroscopy (MCRS) can be used
as a minimally invasive diagnostic technique for the electron density. MCRS relies on measuring
the eigenfrequency of a cylindrical cavity using microwaves. As the permittivity of the medium
inside the cavity changes, the eigenfrequency of the cavity shifts.

This work will give an overview of the working principles of MCRS, and highlights three of its key
capabilities across various applications. First, its high temporal resolution is demonstrated through
measurements on pulsed plasmas. Second, a method for obtaining qualitative spatial information
is shown using nanodusty plasma experiments and FEM simulations. Finally, the high sensitivity
of MCRS is illustrated through the characterization of an electron beam.
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Core tungsten transport of internal transport barrier
scenarios in JET with Be/W wall

Avoiding tungsten (W) accumulation in the core plasma will be vital for successful operations
of next generation tokamaks. For the development of high-performance scenarios, which target
steady state operation, it is essential that core W transport and the plasma conditions required for
impurity screening at the confined plasma periphery are understood. Spontaneous formation of in-
ternal transport barriers (ITBs) may also occur in burning plasma scenarios, motivating the need to
understand I'TB physics to maintain control of the barrier’s strength or prevent it entirely. Studies
of core impurity transport in ITB plasmas in JET-C found evidence of core impurity accumulation
due to neoclassical transport, which dominates inside the ITB where the turbulent transport is
stabilised [1, 2]. Previous analysis of JET-ILW (Be/W wall) hybrid scenarios demonstrated periph-
eral tungsten screening in D and DT plasmas [3, 4]. This analysis builds upon previous work by
investigating core W transport in ITB scenarios in JET-ILW.

Strong ITBs have been produced in low density n, JET-ILW plasmas with high NBI heating that
generates high core ion temperature 7j, high toroidal Mach number €2, and a peaked n. profile
[5]. The resulting steep 7} and n. gradients have substantial effects on the neoclassical trans-
port that dominates core W transport. Due to the sizeable concentrations of Be and Ni in these
pulses, impurity-impurity collisions must be retained for accurate core W transport predictions.
The drift-kinetic code NEO [6] used in this modelling captures this important physics, predicting
core W accumulation after the formation of the strong ITB, which weakens outward convection
of W. An integrated impurity analysis tool [7] enables interpretative analysis of the plasma impu-
rity composition, using experimental measurements from multiple diagnostics. This tool provides
input Be and Ni density profiles, which are the dominant contributors to Z, as well as W density
profiles. NEO predictions are consistent with the experimental measurements, indicating core W
accumulation, which codes using simplified approximations of neoclassical transport are unable to
reproduce. Sensitivity scans on the gradients of key driving parameters VT}, Vn, are performed
within experimental uncertainties to enhance confidence in the model predictions.
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Experimental Application of Laser-Plasma Radiation
Sources to Cultural Heritage Studies at ELI Beamlines

Laser-plasma particle acceleration based on solid targets [ is promising for many applications,
from nuclear medicine to materials characterization. Laser-plasma sources can generate different
radiations (e.g., ions and photons), allow for energy tuning, and can operate within potentially com-
pact setups. Control over the laser (e.g., intensity) and target parameters (e.g., thickness) enables
one to tune the maximum energy of accelerated ions. Therefore, laser-plasma sources represent
promising alternatives to conventional accelerators which, although based on mature technolo-
gies, remain limited in terms of flexibility and compactness.

Particle Induced X-Ray Emission (PIXE) and X-Ray Fluorescence Spectroscopy (XRF) are comple-
mentary materials characterization techniques used in several fields including artworks analysis
3. They rely on the irradiation of samples with protons and photons to induce characteristic X-
ray emission. PIXE and XRF could benefit from the use of laser-plasma sources [4]. Indeed, the
energies of the laser-driven protons and photons are suitable for the characterization of cultural
heritage materials.

Here, we present artworks characterization with laser-plasma sources via laser-driven PIXE and
XRF. We performed a campaign at the ELIMAIA beamline [5] (ELI Beamlines) driven by the HAPLS
laser. Using a proof-of-principle setup 2, laser-driven protons and photons were transported in air
to irradiate certified materials, medieval bronzes, and Iron Age ceramics. We measured the char-
acteristic X-rays emitted by the sample, and the spectra were analysed with a numerical tool that
integrates the theoretical description of PIXE in the PyMCA code [6] for XRF analysis. In this way,
it is possible to determine the elements present in the samples and their concentrations. This study
lays the foundation for the development of laser-plasma accelerators tailored to the characteriza-
tion of cultural heritage materials, suggesting that this suorces could achieve results comparable
to conventional accelerators while maintaining their inherent versatility.

1 A. Macchi et al., Rev. Mod. Phys (2013) 85-2

2 F. Mirani, et al., Phys. Rev. Appl 24.1 (2025):014017

3 L. Sottili, et al. Appl. Sci 12.13 (2022):6585

[4] F. Mirani et al., Sci. Adv (2021) 7-3

[5] D. Margarone, et al. Quantum Beam Sci 2.2 (2018):8
[6] V. A. Solé, et al. Spectrochim. Acta B 62.1 (2007):63-68.
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Surface Dielectric Barrier Discharge characterization
based on mass spectrometry diagnostic techniques

Surface Dielectric Barrier Discharge characterization

based on mass spectrometry diagnostic techniques

R. Barni, D. Pal, C. Riccardi

Dipartimento di Fisica G. Occhialini, Universita degli Studi di Milano-Bicocca,

Piazza della Scienza 3, 1-20126 Milano, Italy

Non-thermal plasmas in atmospheric air have been proposed as a tool aimed to various applica-
tions, including air purification, food packaging, textile finishing and new materials development,
owing to its capacity to generate highly reactive species under ambient conditions. Surface Dielec-
tric Barrier Discharges (SDBD) are particularly promising because the plasma state is almost two-
dimensional and confined to region facing the dielectric surface, with only indirect interactions
with the surrounding gas-phase or with the to be exposed surfaces aimed for functionalization.
One key aspect is the generation of reactive oxygen and nitrogen species (RONS), which play a
fundamental role in oxidative processes. The relative concentrations of these species determine
the overall oxidative potential of the plasma and its effectiveness in biological and chemical appli-
cations. Therefore, the accurate identification and quantification of these species are essential for
any optimization strategy to enhance the efficiency of the plasma. Mass spectroscopy could be
used to gain insight into such gas-phase composition. Our mass-spectrometer (HPR60 by Hiden)
in particular, with its ability to change the electron energy in an extended range (namely 4-150
eV), their intensity (about four decades between 0.2 to 2000 uA) and the electrical optics (so that
it is able to collect native positive and negative ions from the discharge region), could aim to a a
comprehensive characterization of plasma gas-phase. Here we presents the results of an experi-
mental campaign aimed to this.

1 “Mass spectroscopy of oxygen plasmas with energetic ions”, R. Barni, M. Daghetta, C. Piferi, C.
Riccardi, AIP Advances 13, 065207.1-5 (2023).
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Control of nonlinear Breit-Wheeler positrons
created in multi-PW strong field QED showers

Continued developments in high-power lasers will enable intensities beyond 10"23 W/cm"2. At
such intensities, a laser pulse colliding with an ultra-relativistic electron beam subjects the elec-
trons to fields nearing the Schwinger limit, triggering strong-field QED (SFQED) processes. The
dominant processes in the collision are nonlinear Compton scattering, where a charged particle
emits a high-energy photon, and nonlinear Breit-Wheeler pair creation, where a photon decays
into an electron-positron pair. Harnessing these processes for positron generation requires con-
trol over the processes themselves and the positrons they produce. Here, we demonstrate two
approaches to controlling the properties of positrons produced during nonlinear Breit-Wheeler
pair creation. In the first, the asymmetric fields of a bichromatic, circularly polarized laser pulse
enable simultaneous spin-polarization and angular isolation of the created positrons, producing a
positron signal that is over 50% spin-polarized and nearly devoid of electrons. In the second, the
collision of a monochromatic, linearly polarized laser pulse and relativistic electron beam occurs
in a plasma, where the magnetic fields excited by the laser pulse focuses the positrons and expels
electrons. This focusing is energy-dependent and results in smaller energy spreads than could be

achieved in a vacuum collision.
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Measurements of LPI growth in smoothed and

unsmoothed beam interactions of relevance to direct
drive ICF

The focus of the inertial confinement fusion (ICF) community post-ignition is shifting towards
practical schemes for inertial fusion energy production (IFE). Direct drive, where the intense lasers
irradiate the fuel pellet exterior directly, and related variants such as shock ignition 1 and fast ig-
nition is a primary candidate for IFE. A critical limitation facing direct drive is the excitation of
laser-plasma instabilities (LPI) which act to couple laser waves into scattered light and hot elec-
trons, reducing the efficiency of implosions. The growth of LPI is non-linear with laser intensity,
making it a particular issue for shock ignition. Additionally LPI growth is highly dependent on
the plasma parameters and kinetic effects, making predictive modelling challenging. Experiments
at high power laser facilities with planar targets therefore offer a valuable tool for understanding
the fundamental growth of these instabilities.

In this paper we present results from an experimental study performed at ELI-Beamlines measur-
ing the Stimulated Raman Scattering (SRS) and Stimulated Brillouin Scattering (SBS) instabilities.
A full-aperture backscatter (FABS) diagnostic station 2 was used to measure LPI driven under irradi-
ation of thick and thin “exploding foil targets by the L4n laser in 2X (A = 526.5 nm) up to intensities
~3 x 1015 W/cm2. In addition, a Distributed Phase Plate (DPP) was used to spatially smooth the
focal spot in conditions more relevant to ICF. Filamentation and self-focusing are found to play a
significant role in driving LPI considering the larger f-number (f/10.8) of the laser focusing optic.
Our measurements highlight the critical role of focal spot statistics and self-focusing in govern-
ing LPI growth and demonstrate the utility of exploding foils for expanding the parameter space
accessible at high-power laser facilities 3.

1 R. Betti et al., Phys. Rev. Lett. 98, 155001 (2007)
2 F. Wasser et al., Rev. Sci. Instrum. 94, 093503 (2023)
3 E. Hume et al., HPLSE (submitted)
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Helicon modes triggered by axially peaked density
perturbation

Radio-frequency (RF) helicon sources usually display three modes of operation: a capacitive mode
at low RF power Prp, an inductive mode at intermediate power and a wave-sustained (W) mode,
above a critical power P.. The W-mode is reached when the plasma density allows for solutions
to the dispersion relation of the natural helicon/Trivelpiece Gould (W) modes, which depend on
the antenna design and the cavity geometry. A large density jump occurs at the transition to the
W mode. A strong hysteresis is usually observed, and high-density natural W-modes are triggered
in the ramp-down, when Prp is further decreased.

We demonstrate that W-modes are triggered well below the critical power P,, when transiently
and locally increasing the plasma density, either by current injection on-axis, or using a small
secondary axial inductive source. When the perturbation stops, the primary RF source maintained
at Prp < P, sustains the high-density natural W-modes observed during the ramp-down. A
thorough experimental characterization of spatially-resolved plasma density and wave magnetic
fields structure is detailed for a half-helical antenna in a 1 m long, 20 cm in diameter plasma vessel,
operating in the range of 0.1 Pa with a static magnetic field of 180 G. We stress that a few tens of
Watts of auxiliary power allows to trigger a W-mode at Prr = 500 W = 0.5F..

The underlying mechanism lies in the modification of the density profile, which is more centrally
peaked in the presence of the axial perturbations, and modifies the wave coupling. This mechanism
has been validated using the HELIC code, which solves Maxwell’s equations with boundary condi-
tions for given plasma density profiles and antenna design. The computation of the absorbed power
using experimentally informed density profiles demonstrates that high density W-modes are trig-
gered at lower Prp in the presence of peaked profiles. In this simplified model, the predicted
steady-state working points reproduce the experimental features. When injection is stopped, the
high density in the cavity allows the sub-critical natural modes to be maintained. These results
potentially open new avenues for the development of efficient helicon sources at low RF power.

Author: DESAGES, Vassili (Univ Lyon, ENS de Lyon, CNRS, Laboratoire de Physique, F-69342 Lyon,
France)

Co-authors:  Mr PAGAUD, Francis (Univ Lyon, ENS de Lyon, CNRS, Laboratoire de Physique,
F-69342 Lyon, France); Mr DOLIQUE, Vincent (Univ Lyon, ENS de Lyon, CNRS, Laboratoire de Physique,
F-69342 Lyon, France); Mr PLIHON, Nicolas (Univ Lyon, ENS de Lyon, CNRS, Laboratoire de Physique,
F-69342 Lyon, France)

Presenter: DESAGES, Vassili (Univ Lyon, ENS de Lyon, CNRS, Laboratoire de Physique, F-69342
Lyon, France)

Track Classification: Low Temperature and Dusty Plasmas (LTDP): Other - LTDP

June 30, 2026 Page 54



European Physic... / Report of Contributions Electron heat flux and whistler ins....

Contribution ID: 572 Type: Oral Presentation

Electron heat flux and whistler instability in the
Earth's magnetosheath

In collisionless plasma, several processes contribute to plasma heating and energy dissipation. One
such example is wave-particle interactions between electromagnetic whistler waves and electrons.
In the solar wind, the whistler-heat flux instability is known to regulate the electron heat flux by
pitch-angle scattering of strahl electrons. Similar instabilities are believed to operate in various
astrophysical plasma, but most such systems can only be studied remotely and through simula-
tions. The Earth’s magnetosheath downstream of the bow shock is accessible to high-quality in
situ spacecraft measurements, allowing the measurement of heat flux and detailed studies of wave-
particle interactions. The heat flux properties and evolution across the magnetosheath have not
yet been explored.

We present Magnetospheric Multiscale (MMS) observations from 18 hours of high-resolution burst-
mode measurements. We quantify the electron heat flux in the magnetosheath and examine the
role of whistler instabilities in regulating it. Our results show that the heat flux follows the magne-
tosheath magnetic field as it drapes around the magnetosphere. We find that the heat flux is con-
strained by whistler instability thresholds and is aligned with the propagation of low-frequency
whistler waves. We also present a case study investigating direct evidence for the whistler-heat
flux instability in the magnetosheath.

Author: Dr SVENNINGSSON, Ida (Chalmers University of Technology)

Co-authors: Dr CHASAPIS, Alexandros (Laboratory for Atmospheric and Space Physics, Univer-
sity of Colorado, Boulder, USA); Dr YORDANOVA, Emiliya (Swedish Institute of Space Physics); Dr
COZZANI, Giulia (Laboratoire de Physique et Chimie de ’Environnement et de I'Espace (LPC2E), Or-
léans, France); Prof. ANDRE, Mats (Swedish Institute of Space Physics); LARSSON, Max (Chalmers
University of Technology); Prof. SCHWARTZ, Steven J. (Imperial College London, London); Prof.
KHOTYAINTSEYV, Yuri V. (Swedish Institute of Space Physics)

Track Classification: Basic, Space and Astrophysical Plasmas (BSAP): Solar and Space Plas-
mas (BSAP)

June 30, 2026 Page 55



European Physic... /Report of Contributions Propagation-based X-ray phase co ...

Contribution ID: 576 Type: Oral Presentation

Propagation-based X-ray phase contrast imaging of

laser-driven shocks in planar targets at the GSI
PHELIX laser facility

X-ray phase contrast imaging (XPCI) is a cutting-edge diagnostic technique based on the phase
shift of x-ray photons induced by a density gradient. By enhancing contrast through refraction
and diffraction at material interfaces and density gradients, XPCI is particularly well-suited for
imaging laser-driven shock propagation inside targets. In this work, we advanced the platform
originally developed by L. Antonelli et al [EPL 125, 35002 (2019)] at the GSI PHELIX laser facility.
We have compared different X-ray sources and geometries to optimize the backlighter performance.
Results demonstrate high-quality imaging of shock waves propagating through planar plastic and
foam targets. We will also discuss the next step of extending this platform toward direct imaging
of early-time, laser-imprinted perturbations.
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Study of the X divertor on MAST Upgrade:
development, control and impact on power exhaust

Plasma scenarios with an X divertor configuration 1 developed on MAST Upgrade exhibit a re-
duction in heat and particle fluxes at the divertor targets compared with conventional divertor
configurations. We use the Toksys 2 and TED 3 frameworks to modify a conventional divertor
magnetic equilibrium to increase poloidal flux expansion at the target and apply feed-forward
changes to poloidal field coil currents to realise these configurations in Ohmic and beam-heated
L-mode and H-mode plasmas.

The highest target poloidal flux expansion is achieved by zeroing the radial and vertical magnetic
field components just below the strike point; this strategy is however very sensitive to plasma
evolution and cannot be sustained by feed forward control. Moving the field null further from
the target reduces the peak flux expansion but gives a more robust scenario. Designing solely for
target flux expansion instead of imposing a field null constraint also achieves a robust scenario
at the cost of with lower peak flux expansion. Adding strike point position feedback control after
forming the X divertor maintains acceptable flux expansion for longer durations, but only for lower
poloidal flux expansion scenarios.

In Ohmic and NBI-heated L mode plasmas using the field-null strategy, we achieved high peak flux
expansion only in the far SOL, with modest flux expansion at the strike point. Increased interaction
of the SOL with the divertor entrance and a corresponding increase in upstream neutral influx and
radiated power precluded isolating the impact of the divertor geometry from the impact of the
increased wall interaction at the divertor entrance. Moving the location of the peak flux expansion
closer to the strike point and sacrificing peak flux expansion avoided excessive wall interaction.
This scenario achieved a 10%-30% reduction in peak parallel heat flux and earlier detachment onset
in N2-seeded H mode plasmas compared with the conventional divertor.

1 M. Kotschenreuther et al Phys. Plasmas 20, 102507 (2013)
2 H. Anand et al 2024 Nucl. Fusion 64 086051
3 O P Bardsley et al 2024 Plasma Phys. Control. Fusion 66 055006

Work supported by EPSRC EP/W006839/1 and US-DOE DE-AC05-000R22725.
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Optimising non-linear Breit-Wheeler pair
production in simulated laser experiments

High laser intensities enable the production of electron-positron pairs from bright gamma rays
passing through strong fields. Potentially the most promising approach for all-optical experiments
in the near term uses dense but higher divergence electron beams from laser wakefield acceleration
to produce gamma rays through inverse Compton scattering. Achieving many-photon collisions
between these gamma rays and the high intensity laser pulse in practice is extremely difficult,
however, due to significant shot-to-shot jitter in laser pointing and timing. In practice, this jitter
reduces the yield of electron-positron pairs by orders of magnitude.

We model these practical difficulties using simulated Monte-Carlo experiments. By using a more
efficient algorithm for sampling infrequent pair production with particle splitting, we enable the
exploration of a multi-dimensional parameter space. Using Gaussian Process Regression we then
efficiently find optimal conditions for maximising pair production by changing the laser spot size,
the energy in the colliding beam, and the stand-off distance between the laser wakefield accelerator
and the focus of the colliding laser pulse. We find that the optimal stand-off distance increases with
the degree of laser jitter and that the best conditions for producing electron-positron pairs are not
the same as the best conditions for maximising the energy in the gamma rays. With 100 J of
laser energy, we estimate realistic rates of pair production of around 1 pair per 100 electrons are
achievable even with jitter of 10s of microns and 10s of femtoseconds.
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An Updated Plasma Scenario for the Spherical
Tokamak for Energy Production

The UK’s Spherical Tokamak for Energy Production (STEP) programme, aiming to provide a pro-
totype fusion power plant (SPP) based on the spherical tokamak concept targeting 2040 1, has now
moved from the conceptional to preliminary design phase. Key objectives of the SPP, which will
drive the creation of a UK fusion economy, are to deliver net electric power P;¢;100MWe and
demonstrate tritium self-sufficiency. Choosing a fully non-inductive flat top operating point with-
out inboard breeding drives the design to low aspect ratio A~1.8, high elongation k~3 and high
normalised plasma pressure y ~ 4 2 as fusion power scales like Prys o¢ (v - Bt)*®(Rgeo/A)? at
high bootstrap current fraction fpg = Igg/I, ~ 0.8 — 0.9. The high fgg reduces the demand on
the auxiliary microwave based heating and current drive system on STEP. In addition to the usual
electromagnetic electron cyclotron wave current drive (ECCD), the use of electrostatic electron
Bernstein waves current drive (EBCD) in combination is considered3. EBCD provides a 3 times
higher normalised current drive efficiency than ECCD and opens opportunities to potentially ac-
cess scenarios at commercial power plant relevant fusion gain of @ = Ppys/ Paux ~ 30. The ECCD
scenario operates at Q~11. Since publishing the original design base (SPP-1) (Rgeo,1 = 3.6m ,
B =32T,1,1 ~20MA, 1.5GW < Pp < 1.8GW in 2025) 11, to reduce the risk the centre
column, the design has moved to a larger baseline (SPP-2) with Rgeo2 = 4.3m , B, » = 3T but
with the same fusion power range and aspect ratio, leading to a similar /,,. Plasma solutions for
the larger design have proven to be more challenging in some areas, while making it easier to find
an exhaust solution. To handle the heat load in the divertor at this high fusion power a core radi-
ation fraction fraq = Prad/ Pheat ~ 0.7 is adopted. Recent efforts to explore solutions with lower
recirculating power have led to plasma flat-top operating points at lower fr.q > 50% and lower
fusion power Pr,s > 1GW that open attractive opportunities for the plasma and the machine
design, whilst still meeting the objectives. The physics basis for STEP has grown considerably,
reducing uncertainties in plasma core performance, divertor performance, control and operations
without type-I ELMs. The onset of high core transport fluxes in high f regimes with low torque
input due to the dominant hybrid kinetic ballooning mode (hKBM) turbulence is now understood.
The competition between the Reynolds and Maxwell stresses with respect to zonal flow generation
leading to these high fluxes is governed by a a threshold ¢?, = f(3,vg) (§: magnetic shear, yp:
ExB flow shear). This has been used to optimise the flat-top solution in SPP-2. Although, most of
the scenario exploration is done with using JETTO or RAPTOR with » feedback used to achieve
the required Pryg , codes like an ST optimised version of TGLF or a newly developed quasilinear
model for hKBM transport provide flux driven predictive capabilities. Machine learning has been
used to provide surrogates for faster scenario evaluation. An optimised divertor design has been
developed to provide good detachment access and efficient He exhaust at the same time. The first
coupled core edge simulations are being used to understand the impact of He and Ar on the sce-
nario performance. A novel scheme for vertical control in double null has been developed and
tested on TCV. A runaway electron (RE) beam mitigation coil (REMC) has been incorporated into
the design to provide a feasible solution to dissipate the RE current in combination with shattered
pellet injection. This reduces a key risk to the STEP plasma scenario by deconfining >75% of the
REs in less than 0.1 ms . A manageable R&D programme to develop key diagnostic systems for
STEP is being established. This paper will give an overview of the most important aspects in which
risk and uncertainty in of the STEP plasma scenario has been reduced. Considerable progress has
been made in STEP scenario modelling capability but still many challenges remain. The burning
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plasma solution is driving physics development at the forefront of fusion research.

This work has been funded by STEP, a major technology and infrastructure programme led by UK
Industrial Fusion Solutions Ltd (UKIFS), which aims to deliver the UK s prototype fusion powerplant
and a path to the commercial viability of fusion. To obtain further information on the data and models
underlying this paper please contact PublicationsManager@ukaea.uk.

1 C. Waldon et al., Phil. Trans. R. Soc. A 382, 20230414 (2024).
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Development of High-B, Scenarios towards High-Q
on EAST in Support of ITER Steady-state Operation

To advance the steady-state operation of ITER and achieve high fusion gain (high-Q) in tokamak
devices, experimental research on high poloidal beta (/3,,) plasma scenarios was conducted on EAST,
focusing on ITER-relevant compatibility, fully non-inductive operation, and tungsten (W) divertor
adaptation. High-performance high-£3, plasma was successfully demonstrated via radio frequency
only heating (ECRH, LHCD, ICRF), with key parameters including excellent confinement Hogys =
1.5, bootstrap current fraction fgs = 50%, Greenwald fraction n./ng = 0.82, and Bp ~ 3.0/
Bn ~ 1.8 maintained for 100 seconds at B; = 2.5 T and ¢g5 ~ 7.0.

For steady-state operation of W-divertors towards high-Q), fully non-inductive high-3, plasmas
with a boron-coated wall were developed at qo5 = 6.0, n./ng = 0.65, By = 2.5T. Driven
by dominant electron heating, this plasma achieved Hgg,o = 1.35 and 8, = 2.1/ Sy = 1.85,
and exhibited a series of superior physical characteristics: an internal transport barrier (ITB) that
effectively suppresses plasma turbulence, small edge-localized modes (ELMs) with a frequency
feLm > 2.5kHz, effective control of tungsten impurity accumulation, a flat core current den-
sity profile with gmin > 1, and suppression of 3/2 tearing modes via ICRF heating. Transport
simulation results showed that a-stabilization induced by Shafranov shift is the dominant factor
governing turbulent transport. The electron thermal ITB is mainly controlled by trapped electron
mode (TEM) turbulence, and zonal flow shearing in the ITB region exerts a regulatory effect on
TEM-induced energy transport. Notably, increased plasma density and 5, were found to elevate
the bootstrap current fraction fgg, broaden the current density profile, and further improve plasma
energy confinement.

Subsequent experiments were performed with ITER-like heating and ITER-shaped (LSN) combi-
nations (ECRH, ICRH, NBI), alongside plasma current scanning in the range gg95 = 5.0-6.0. The
results indicated that increased plasma current caused Hygyo to decrease from 1.35 to 1.1 and re-
duced the SOL density. Additionally, edge plasma parameters were found to exert a significant
influence on the coupling and absorption efficiency of RF heating.

For further optimization of ITER-configuration plasma scenarios with enhanced capability on
EAST, future research will focus on adopting a moderate safety factor go5 = 5.0 to extend fu-
sion performance, employing ITER-like heating configurations, adjusting the ion-to-electron tem-
perature ratio T;/7, via ion heating, and broadening the current density profile j(r) to form a
full-channel ITB with g¢nin > 2.0, which can effectively prevent the onset of low-order tearing
modes.

The experimental results obtained on EAST provide important technical support for ITER’s new
research plan, including the material switch of the first wall to tungsten. Furthermore, these find-
ings offer critical physical insights for the development of high-performance plasma scenarios in
future fusion power plants.

Author: GONG, XianZu (Institute of Plasma Physics, Hefei Institutes of Physical Science Chinese
Academy of Sciences, Hefei, China)
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Gyrokinetic investigation of microturbulence in the
edge of ELM suppressed H-modes in ASDEX Upgrade

High confinement mode (H-mode) access in tokamaks is based on the formation of a radially nar-
row steep gradient region in the plasma edge and a concomitant radial electric field (E,).

There is growing evidence that the profiles of temperature and density in the H-mode edge are
partly determined by turbulent transport connected with microinstabilities driven by the steep
gradients and its interplay with the £ x B shear flow related to the E.-well.

Through a gyrokinetic investigation with the code GKW it is shown that the slab branch of the
ion temperature gradient (ITG) driven instability is dominantly unstable under edge conditions of
edge localized mode (ELM) suppressed H-modes in ASDEX Upgrade (AUG).

This work explicitly takes into account the gyroaverage in the background E x B shear flow model.
It is shown that this has significant impact on linear stability and turbulent transport:

The slab ITG is then hardly stabilized and turbulent transport is not reduced when a gyroaveraged
E x B shear flow is added.

This lack of stabilization renders the slab ITG a strong candidate for setting the ion temperature
profile in the steep gradient edge region.

Furthermore, a sign sensitive £/ X B shear flow induced radial symmetry breaking of slab ITG
Eigenmodes is discussed.

In the inhomogeneous E,-well this symmetry breaking mechanism determines the most unstable
Eigenmode and renders linear stability and turbulent transport highly sensitive to the sign of the
E x B shear flow.

Hence, it is not only the magnitude of the E' X B shear rate, but also its sign which determines
microturbulence in the steep gradient edge region.

Finally, three-dimensional (3d) magnetic perturbations (MPs), applied in the considered AUG sce-
nario to suppress ELMs, are shown to impact slab ITG turbulence:

Single helicity 3d MPs with high mode number parallel to the ambient magnetic field destabilize
the slab ITG and thereby augment turbulent transport.

The 3d MP aided increase of slab ITG turbulence and connected particle transport might relate to
the density pump-out responsible for ELM suppression.
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Control the intensity of the induced flow in a liquid
by a dual-frequency APP]Js

Dual-frequency atmospheric pressure plasma jets (APPJs) represent a promising method to ma-
nipulate the ion transportation and the plasma propagation on a surface 1. Despite the potential
shown by these unique devices, the fundamental mechanisms through which such systems inter-
act with a liquid substrate and govern the induced liquid flow have not been investigated yet. In
this work, we implemented a coaxial dual-frequency configuration employing an upstream high-
frequency electrode (HF) at 17kHz and a downstream radio-frequency (RF) electrode at 27.12 MHz
1.

Within this configuration, the plasma discharge is mainly sustained by the RF Q-mode ionisation
regime at twice the RF oscillation frequency (54 MHz). Concomitantly, the HF high-voltage elec-
trode modulates the thickness of the sheath at the liquid interface, triggering the RF y-regime
through secondary electron emission. Time-resolved measurements of the electrode voltage, sur-
face charge on the substrate and optical emission above the liquid substrate demonstrated the
transition between the two RF ionisation modes.

To quantify the electrohydrodynamic forces (EHD) within the liquid phase, Particle image ve-
locimetry (PIV) was performed using graphene oxide (GO) as tracers in solutions of varying con-
ductivity.

A significant finding in our work has been revealed by comparing different operational modes.
Pulsed HF signal combined with continuous RF excitation led to a discharge with electrical fea-
tures dominated by the HF component, while the upward induced flow observed is consistently
similar to the RF-only operation. These flows remain lower compared to the non-pulsed dual-
frequency condition. Moreover, evaporation rate measurements exhibit a strong correlation with
the applied RF power, opening possibilities for a precise flow control by reducing the applied RF
power combined with micro- or nanosecond pulse generation techniques.

1 Patelli A, Scaltriti S G, Popoli A, Martines E and Cristofolini A 2025 Plasma-substrate interaction
in a dual frequency APPJ Plasma Sources Sci. Technol. 34 025010
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Hyper Boris integrators for kinetic plasma
simulations

Particle-in-cell (PIC) simulations are important research tools in theoretical plasma physics. In-
side the PIC code, the particle integrator is extensively used to solve the Newton-Lorentz equation
to advance charged particles. The Boris method (Boris 1970; also known as the Buneman-Boris
method) has been the de facto standard particle integrator for more than a half century. It has
second-order accuracy in time — the numerical error is proportional to the square of the timestep,
~ (dt)"2.

In this presentation, we propose three extensions to the nonrelativistic Boris solver. First, we in-
troduce n-times subcycling: we repeat the numerical procedure n-times, with an n-times smaller
timestep of dt/n. This allows us to solve the equation with better second-order accuracy, ~ (dt/n)"2.
Second, we extend the second-order Boris method to higher order. In addition to the well-known
“gyrophase correction” to the magnetic field, we use an anisotropic correction to the electric field,
to achieve fully higher-order accuracy, ~ (dt)"N [N = 2, 4, 6...]. Third, we combine these two meth-
ods to amplify their benefits. We call the hybrid method the hyper Boris solvers, because it has
two hyperparameters of the subcycling number n and the order of accuracy, N. The accuracy of
the n-cycle Nth-order solver is remarkably high, ~ (dt/n)"N, even though its computational cost is
affordable.

For further details, see S. Zenitani & T. N. Kato, Comput. Phys. Commun. 2025, d0i:10.1016/j.cpc.2025.109695.
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Innovative Ignition Concepts in Laser-Driven
Inertial Fusion: Toward High-Gain Regimes

Inertial Fusion Energy (IFE) is increasingly regarded as a credible long-term option for large-scale,
carbon-free power production. The recent demonstration of ignition with net target gain at the
National Ignition Facility (NIF) marks a decisive scientific milestone for laser-driven inertial con-
finement fusion (ICF). Since 2022, repeated ignition shots have been achieved, with fusion gains
increasing from ~1.5 1 to above ~4 by 2025. These results validate decades of theoretical and experi-
mental efforts devoted to implosion symmetry control, instability mitigation, and ignition physics.
Yet single-shot ignition at gain of a few is not equivalent to a viable energy pathway. An economi-
cally relevant fusion system delivering >750 MW of electricity would ultimately require repetition
rates of the order of 10 Hz and target gains exceeding 100. Although advances in laser efficiency,
target production and injection, and reactor technologies are indispensable, the achievable fusion
gain remains fundamentally conditioned by the underlying ignition physics. In this respect, the
central question is not merely how to scale present approaches, but whether alternative ignition
regimes offer intrinsically more favorable gain margins and robustness.

This talk will therefore focus on a comparative assessment of advanced ignition concepts aimed at
substantially increasing target gain beyond conventional central hot-spot ignition. Concepts pro-
posed over the past three decades —including shock 2 and shock-augmented ignition 3, electron- [4]
and proton-driven fast ignition [5], and magnetized inertial confinement fusion [6] —will be evalu-
ated in terms of physical robustness, scalability toward high gain (>100), sensitivity to asymmetries
and instabilities, and compatibility with existing or emerging large-scale laser infrastructures.
Drawing on 25 years of research and teaching experience and a synthesis of key reference works,
I will propose an independent perspective on the most promising physics-driven strategies for
substantially increasing fusion gain within the current international academic and emerging semi-
industrial ecosystem. Particular emphasis will be placed on identifying the critical physical bot-
tlenecks that may ultimately determine which approaches can realistically mature in the coming
decades.
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Confined microparticle displacement caused by
electrode-photon interaction

When confined in a horizontally near-flat potential well in the plasma sheath region, microparti-
cles are very sensitive to perturbations in their horizontal force balance. In this contribution we
present experiments where glass microparticles confined in the sheath region of a radio frequency
driven parallel plate argon plasma, react to laser light hitting surfaces near the potential well. The
bottom electrode in this configuration has a shallow groove to create a potential well to confine the
microparticles. When the sides of this groove are illuminated, the confined microparticles move
away from the illuminated area. This displacement caused by the interaction of the light and the
electrode is unexpected as the energy of the laser photons are well below the work function of the
illuminated electrode surface.

To find an explanation for these observations, multiple parameters have been varied. In the pre-
sented experiments variations in laser wavelength, surface material, illumination direction, and
surface geometry were considered. The confined microparticle displacement is dependent on the
wavelength of the light, and stronger displacement is seen for higher intensities. Furthermore, the
location and direction of illumination also influence the amount of displacement together with
the surface geometry. The results of these experiments are presented, along with hypotheses for
possible explanations of the observed effect and plans for future research to understand this phe-

nomenon.
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Reconstructing plasma density structure from
shadowgraphic images of a pulsed-power-driven
reconnection layer

We present updated results from magnetic reconnection experiments with both strong radiative
cooling and the plasmoid instability [1,2]. These two plasma processes are intertwined with re-
connection events across a wide range of astrophysical environments, including the interstel-
lar medium, the solar chromosphere, and black hole accretion disks. The MARZ (Magnetic Re-
connection on Z) experiments at Sandia National Laboratories investigate these key physics of
astrophysically-relevant reconnection in the laboratory. The MARZ pulsed-power platform con-
sists of two exploding aluminum wire arrays, through which a large current (20 MA, 300 ns rise
time) is driven by the Z Machine, to generate a reconnection layer. In three separate MARZ ex-
periments, the spacing between the two arrays was shifted; in changing the inflow parameters
(velocity, density, field), we vary the reconnection layer formation and evolution. Using a laser
imaging diagnostic, we take time-resolved measurements of the density structures in and near the
layer. We gain a qualitative understanding of the features in these experimental images by com-
parison to synthetic shadowgrams produced from 3-D MHD simulations. These features include: a
dense layer with temporally-increasing density gradients due to radiative collapse; standing MHD
shocks outside the layer; and apparent nonuniformities along the axial direction consistent with
instabilities. Quantitative measurements of these time-evolving density structures is challenging;
our experimental shadowgraphic data exhibits large intensity variations, caustics, and noise. As-
such, we have adopted a forward model approach: we fit our experimental intensity profiles to
model profiles, which are quickly computed from a simple parameterized model of the layer struc-
ture. Fitting techniques, such as differential evolution and nonlinear least-squares, survey the
multidimensional parameter space to find the best-estimates of the layer density jump, width, and
length.
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Permanent magnet-based focusing setup for MeV/c
electron-positron pair beams

Relativistic outflows enriched with electron-positron pair plasma can be found in various highly
energetic astrophysical environments, such as those around active galactic nuclei, black holes, or
in the jets of gamma ray bursts. Understanding the mechanisms involved in the generation of
particular types of plasma instabilities during the propagation of such jets is important in order to
explain the radiative signature of their outflows observed on Earth. Until now, the understanding
of electron-positron pair plasmas has been based on numerical studies limited in the quasi-linear
regime, while experimental realizations of high charge density, quasi-neutral beams have been
challenging. In our experiments, inaugurating and improving a newly developed experimental
platform for such studies at the HiRadMat facility of CERN, high intensity, high density, ultra-
relativistic, quasi-neutral electron-positron pair beam production was achieved, opening up the
possibility to study the microphysics of such pair plasmas via experimental means.

In our experiments, we confirmed that the growth of plasma instabilities as the pair beam propa-
gates through ambient plasma is greatly affected by the divergence and momentum spread of the
pair beams. We present a study on the implementation and the performance limitations of a beam
focusing setup used in one of our experiments. We designed a quadrupole triplet, based on custom-
made permanent magnet quadrupoles, aiming to improve the optical and momentum properties
of the electron-positron pair beam towards an increased e-/e+ density. A comparison between
the experimental results and the expected performance given by different computational tools,
along with the challenges of such a setup that should be considered for future implementations, is
presented in this work.
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Experimental Investigation and Numerical
Multi-scale Modelling of Weakly Collisional Shocks

Shocks are fundamental drivers of energy dissipation in both astrophysical and laboratory plasmas.
A quantitative understanding of how shock dynamics evolve as particle collisions become infre-
quent, transitioning from collisional to collisionless regimes, remains a frontier problem. Even in
the collisional regime, the thermal precursor acts as a critical region where non-thermal effects
may emerge [1, 2]. Non-thermal ions can counter-stream against the bulk flow, modifying the
shock structure and potentially driving kinetic instabilities.

We present high-resolution, time-resolved measurements of shock profiles with Mach numbers
ranging from 3 to 5, obtained from experiments at the LULI2000 and GEKKO XII facilities. Using
collective optical Thomson scattering, we have mapped the evolution of electron and ion tempera-
tures and densities to resolve both the forward and a reverse shock with unprecedented detail. To
analyze these data, we developed a Bayesian analysis framework that self-consistently accounts
for multiple ion species, resolving their individual temperatures and relative fractions.

To interpret the experimental results, we employ a dual-modeling approach: extended-MHD3 sim-
ulations to capture large-scale plasma dynamics and fully kinetic particle-in-cell simulations[4]
to isolate the underlying microphysics. Our results reveal a broad forward shock transition and
significant interpenetration between the piston and the background plasma in the downstream
region. Furthermore, we observe strong heating of the carbon population immediately ahead of
the forward shock, suggesting a significant modification of the energy partition across the shock
front driven by kinetic ion behavior.
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Characterization of a high-repetition-rate laser
filament-induced plasma in air using optical
emission spectroscopy

When ultrafast laser pulses with sufficient peak power propagate through transparent media,
laser filamentation arises from the dynamic interplay between self-focusing and photoionization-
induced plasma defocusing. The plasma can be described as an initial primary photoionization-
driven plasma and a secondary plasma, governed solely by plasma kinetics. As modern laser
systems reach higher repetition rates, interpulse times approach plasma-kinetic timescales, and
accumulation effects may arise 1. As such, simulation and characterization of plasma-chemical
kinetics in laser-induced filamentation are becoming increasingly important to account for the
plasma’s molecular composition and its influence on optical properties.

In this work, we investigate how accumulation effects at elevated repetition rates affect photo-
chemical reactions and alter the molecular composition of filament-induced plasmas. We measure
the time-dependent plasma dynamics and key parameters—including gas temperature, electron
temperature, electron density, and species-specific decay times—for filaments generated at a rep-
etition rate of 10 kHz.

The experimental setup employs a Yb-based thin-disk regenerative amplifier (DIRA 500-10, TRUMPF
Scientific Lasers) delivering sub-picosecond pulses at a central wavelength of 1030 nm and pulse
energies of 2.5 mJ, 5 mJ, and 10 m]J. The pulses are tightly focused to promote filamentation and
plasma ignition. Plasma characterization is performed using optical emission spectroscopy with
an echelle spectrometer coupled to an intensified charge-coupled device (ICCD) camera, providing
a resolution of 500 ps.

Analysis of the vibrational distributions and temporal evolution of molecular nitrogen emission
bands enables identification of the excitation mechanisms responsible for nitrogen photoemission
2. Electron density, electron temperature, and gas temperature are quantitatively determined from
emission spectra and optical filament images within a collisional-radiative modeling framework,
which was adapted from the diagnosis of electrically driven plasmas 2.

This diagnostic approach complements conventional optical probing techniques commonly used
in filamentation studies 3, offering a comprehensive characterization of the plasma wake from
a single measurement. It provides insight into changes in optical properties caused by the for-
mation and extinction of molecular species. To our knowledge, this represents the first study of
laser-filament-driven plasma at a 10 kHz repetition rate, where plasma wake characterization be-
comes particularly important due to reduced interpulse times and potential accumulation effects.
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Influence of a soft plasma wall on the millimeter
sized low pressure argon plasmas

Electrodes and other solid boundaries are invariably separated from a plasma by a non-neutral
transition region known as the plasma sheath. Depending on the discharge pressure and plasma
parameters, the sheath has a minimum thickness on the order of the electron Debye length.The in-
trinsic properties of the wall material, including its electrical conductivity, surface roughness, and
chemical composition, may affect the plasma facing the wall. Macroscopic gaps, pores, or cavities
in the surface are effectively filled with plasma only if their characteristic size is comparable to or
larger than the sheath thickness; otherwise, the sheath may span across these features, preventing
1 plasma infusion.

To investigate how aeroglass [ affects low-pressure (10 - 1000 Pa) argon plasmas, we generated a
plasma inside a central millimeter-wide hole in an aeroglass cylinder. The cylinder had a height
of 8 mm and a diameter of 8 mm. As the bore radius decreases, the ratio of the interface area to
the plasma volume increases, thereby enhancing the relative influence of surface-related processes.
Under such conditions, any material-specific effects of the aeroglass on plasma density, electron
temperature, or discharge stability should become more pronounced and experimentally accessi-
ble.

Plasma diagnostic was performed using electrostatic double probes, enabling local measurements
of plasma parameters without the need for an external reference electrode. At discharge pressures
of < 700 Pa, we observed the emergence of a high-density plasma mode that was not present when
conventional wall materials were used under otherwise identical conditions. This finding suggests
that the aeroglass walls play an active role in the modification of the plasma wall interaction.

1 Lena M. Saure et al., ACS-Nano 2023, 17, 22, 22444*22455, DOI: 10.1021/acsnano.3c05329
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Hamiltonian simulation of spectrally truncated ideal
fluids on quantum computers

The ongoing development of quantum computers may pave the way for

improvements in the state of the art of fluid and plasma simulations. While the Hamiltonian na-
ture of quantum mechanics makes quantum computers natural tools for simulating Hamiltonian
dynamics, we propose an approach to fluid dynamics that explicitly exploits the underlying Hamil-
tonian structure of ideal fluids.

More precisely, we consider the simulation of spectrally truncated fluid equations, such as the in-
viscid Burgers’equation and the multidimensional Euler equations. We embed the nonlinear fluid
dynamics into a Liouville equation defined in a configuration space, describing the linear evolu-
tion of the probability density. This linear evolution can be efficiently implemented on a digital
quantum computer, as it is both linear and unitary.

The proposed quantum algorithm relies on three main steps: (i) efficient and physically motivated
state preparation, (ii) Hamiltonian-based time evolution, and (iii) recovery of the original fluid
variables through measurement of the averaged position of the probability density.

These results open new perspectives for encoding and simulating fluid dynamics on quantum com-
puters, and pave the way toward the quantum simulation of ideal magnetohydrodynamics.
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Turbulence-Driven Magnetic Reconnection: From
Cluster and Magnetospheric Multiscale to Plasma
Observatory

Both magnetic reconnection and turbulence are fundemental plasma phenomena active across
laboratory, space, and astrophysical plasmas. Magnetic reconnection events initiated within the
tangled magnetic fields produced in turbulent plasmas have long been thought to play an im-
portant role in turbulent dynamics. These events have traditionally been challenging to exam-
ine from either a numerical or experimental perspective due to their small-scale nature and the
complex magnetic topologies involved. However, multi-spacecraft measurements from the natu-
ral plasma environments in near-Earth space have provided a step-change in understanding this
complex phenomenon. Since the days of ESA’s Cluster mission, evidence has been found for
turbulence-driven magnetic reconnection embedded within the turbulent fluctuations of Earth’s
magnetosheath, making it an ideal location for studying the physics and importance of turbulence-
driven magnetic reconnection. In this presentation, we will highlight the observational insights
into turbulence-driven reconnection that have been enabled by the systematic identification and
analysis of reconnection events in Earth’s magnetosheath by missions such as NASA’s Magne-
tospheric Multiscale (MMS) and ESA’s Cluster missions —including the importance of so-called
electron-only reconnection and estimates that suggest magnetic reconnection can account for a sig-
nificant fraction of the energy dissipated in turbulent plasmas. Using kinetic simulations of turbu-
lence reminiscent of the plasmas found in Earth’s magnetosheath, we will further demonstrate and
evaluate how multi-scale measurements from a mission such as ESA’s proposed seven-spacecraft
Plasma Observatory mission will enable key observational constraints characterizing the 3D struc-
ture and distribution of turbulence-driven magnetic reconnection events that will usher in a new
era of advancements on the subject.
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First electron acceleration from a tunable-velocity
laser wakefield

Laser-wakefield accelerators (LWFAs), which accelerate electrons in plasma waves driven by short
intense laser pulses, have demonstrated the ability to produce high-quality electron beams with
energies up to several GeV. One of the fundamental limitations for reaching ever higher energies
is dephasing, when ultrarelativistic electrons outrun the wakefield and slip into its decelerating
phase. A promising approach to overcoming this limitation is the use of structured light pulses to
control the on-axis intensity propagation velocity of the laser pulse [1, 2].

Here, we report on the first experimental observation of electron acceleration in a tunable-velocity
wakefield and mitigation of dephasing using structured light pulses 3. In the experiments, a 1.5 J,
27 fs laser pulse is focused using an axiparabola, a specialized mirror that produces quasi-Bessel
beams with an extended focal line. The on-axis intensity propagation velocity is further modified
by applying pulse-front curvature (PFC) before reflection. Through its interaction with a gas jet,
we demonstrate that this structured light pulse creates coherent plasma wakefields capable of in-
jecting and accelerating electrons to high energies. We further show that changing the PFC value
induces a statistically significant shift in the cutoff energy of the accelerated electron spectrum,
demonstrating experimental control over the wakefield velocity and partial mitigation of dephas-
ing. The experimental results are supported by comprehensive simulations including FLUENT
simulations of the gas density profile, axiprop simulations of the reflected laser pulse propagation
from the axiparabola to the focal region, followed by particle-in-cell simulations of the structured
light pulse with the obtained gas density and laser profiles.

1 C. Caizergues et al. “Phase-locked laser-wakefield electron acceleration,” Nat. Photonics. 14, 8
(2020)

2 J.P. Palastro et al. “Dephasingless laser wakefield acceleration,”’Phys. Rev. Lett. 124, 134802
(2020)

3 A.Liberman et al., “First Electron Acceleration in a Tunable-Velocity Laser Wakefield, ’arXiv:2509.21098
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Efficient gamma-ray generation via relativistic
two-wave resonance driven by ultra-intense lasers

We investigate an efficient mechanism for gamma-ray generation based on
relativistic two-wave resonance driven by ultra-intense
counter-propagating laser pulses in a strongly magnetized plasma. In the
presence of a sufficiently strong external magnetic field, electrons can
simultaneously resonate with both laser fields, enabling sustained and
coherent energy transfer from the electromagnetic waves to relativistic
particles. This dual-resonance configuration leads to rapid electron
energization and enhanced high-frequency radiation.

Using a combination of analytical modeling and particle-in-cell
simulations that incorporate radiation reaction effects, we identify the
parameter regime in which relativistic two-wave resonance is established
and maintained. When the resonance condition is satisfied, electron
trajectories become strongly phase-correlated with the laser fields and
exhibit pronounced transverse oscillations. These dynamics significantly
enhance synchrotron emission, resulting in efficient gamma-ray
production. The energy conversion occurs on timescales comparable to the
laser period, demonstrating a rapid channel for transferring laser

energy into high-energy photons.

Our simulations show that a substantial fraction of the incident laser
energy can be converted into gamma-ray radiation under optimized
conditions. The resulting photon spectra depend sensitively on key
plasma and laser parameters, including plasma density, magnetic field
strength, and laser intensity, indicating that the emission
characteristics can be tuned in a controllable manner.

The mechanism explored here is closely related to resonant wave—particle
interactions in extreme astrophysical environments, where relativistic
particles interact with intense electromagnetic and Alfvénic

fluctuations. Relativistic two-wave resonance thus provides a
laboratory-accessible analogue of these high-energy processes.

These results establish relativistic two-wave resonance as a robust and
controllable pathway for laser-driven gamma-ray generation, bridging
laboratory high-energy-density plasma physics and astrophysical
gamma-ray emission mechanisms, and opening new prospects for compact,
high-brilliance gamma-ray sources.
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Spectroscopic characterization of hydrogen pellet
ablation clouds at LHD: analysis of Balmer emission
including opacity effects

The use of solid hydrogen pellets in magnetically confined fusion plasmas has been proposed both
as a promising fueling technique and as a tool to investigate the effect of impurities on plasma
dynamics. Pellets are typically injected at high speed, depositing fuel in the denser inner plasma
regions, where the evaporation rate is higher. In this work, we present a spectroscopic model for
the characterization of the resulting ablation cloud by analyzing the Balmer emission in the 300-
700 nm wavelength range. Atomic level populations were calculated assuming local thermody-
namic equilibrium. An extensive dataset of line shapes for transitions up ton = 9 — 2 was com-
puted using state-of-the-art Stark-broadening simulations. The spectral intensity was obtained by
solving the radiation transport equation for a spherical plasma source under uniform conditions.
Instrumental broadening was accounted for by convolving the synthetic spectra with a Gaussian
function of appropriate width. The model successfully reproduces measured pellet ablation cloud
spectra at the Large Helical Device across the entire Balmer region, including both the optically
thick Balmer « line and the emission beyond the ionization limit. The inclusion of opacity ef-
fects enables an independent estimate of the pellet core radius during the vaporization process.
Additionally, it is shown that the use of the Inglis—Teller approach, together with detailed Stark-
broadened line profiles, successfully describes line merging and continuum lowering phenomena,
whereas other models, such as the widely used Stewart-Pyatt formulation, fail to reproduce the
experimental observations.
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A new instrument for fusion research at the
European XFEL

T. Tschentscher1, K. Appell, E. Brambrink1, T. Cowan2, T. Feurer1, H. Sinn1, U. Zastraul
1 European XFEL, Holzkoppel 4, 22869 Schenefeld, Germany
2 Helmholtz-Zentrum Dresden-Rossendorf, 01328 Dresden, Germany

X-ray radiation in the range of 5 - 20 keV provided by high brightness Free-Electron Laser (FEL)
sources offer unprecedented new opportunities for studying phenomena and materials of high
relevance to laser-driven fusion. Initial imaging experiments have shown the capability to study
how matter is compressed by laser irradiation and how instabilities form and propagate [1,2]. In
order to perform such studies more systematically in a dedicated experimental environment, an
instrument for fusion research has been proposed for the European XFEL.

European XFEL is an international large-scale user facility for research using x-ray FEL radiation.
This radiation is characterized by very intense, ultrashort and coherent pulses, complementary to
both synchrotron and visible laser radiation. European XFEL currently offers x-ray FEL radiation
in the range from 0.25 to 25 keV (0.05 -5 nm) to seven science instruments, each dedicated to a
specific area of application 3. We now proposed a new instrument, coupled to a nanosecond laser
with kJ pulse energy at the 3rd harmonic and pulse shaping capabilities, and a complementary
femtosecond laser of PW-class pulse intensity. These lasers allow to excite and dynamically com-
press fusion relevant materials while the coherent, ultrashort and intense XFEL pulse will be used
to diagnose the targets by a variety of different x-ray methods with O(200 nm) spatial and fem-
tosecond temporal resolution.

Experiments will address the microphysics and dynamic behaviour of fusion targets during several,
early states of compression: Non-uniformities arising from laser imprint, the development of laser-
plasma instabilities, plasma formation and the onset of hydrodynamic instabilities, the launch of
a shock wave into the target or ablator and, if present, shock propagation in the target, and finally
hydrodynamic instability growth leading to mixing. As major x-ray techniques full-field imaging,
small angle-scattering, and as well spectroscopic techniques will be available. Using these tech-
niques the experiments will allow investigating the behaviour of different targets materials, e.g.
foam or similar, under compression and laser excitation. The time- and spatially-resolved experi-
mental data will provide important benchmarking of high-resolution rad-hydro simulations.

The instrument is expected to start operation before the end of this decade and an increase of the
drive laser pulse energy, as well as a dedicated x-ray source, are planned for a second phase.

1 G. Rigon et al., Nat. Commun. 12, 2679 (2021), doi: 10.1038/s41467-021-22891-w
2 A. Laso-Garcia et al., Nat. Commun. 15, 7896 (2024), doi: 10.1038/s41467-024-52232-6
3 T. Tschentscher et al., Appl. Sci. 7, 592 (2017), doi: 10.3390/app7060592
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First laboratory observations of residual energy
generation in strong Alfvén wave interactions

In the MHD inertial range (scales larger than ion-kinetic scales) turbulent fluctuations in the solar
wind are often Alfvénic in character, meaning that their magnetic and flow velocity fluctuations
are proportional to each other and predominantly perpendicular to the background magnetic field.
However, observations of the solar wind have shown that there is a significant difference in the
energy in velocity fluctuations and normalized magnetic fluctuations. This difference, called the
residual energy, should be zero for linear Alfvén waves, but is consistently observed to be negative
in the solar wind, with magnetic fluctuations dominating. This work investigates the energy par-
tition in strong three-wave interactions through an experimental campaign on the LArge Plasma
Device (LAPD) in an MHD-like regime. Primary (driven) modes are launched from antennas, and
secondary modes generated by a strong three-wave interaction are observed. The primary modes
are shown to have no residual energy, while the secondary modes have significant residual energy
- negative in the “sum”mode and positive in the “difference”mode. These results constitute the
first laboratory demonstration that residual energy can indeed be generated by nonlinear mode
coupling.
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Counterpart-induced millisecond-scale truncation
mechanism of fast radio bursts

The observed millisecond-scale duration is an essential yet mysterious feature of fast radio bursts
(FRBs). In this work, we link the observed soft gamma-ray counterpart of FRB 200428 to electron-
positron pair cascades driven by Compton scattering and the Breit-Wheeler process. We demon-
strate that such pair cascades can truncate FRBs to durations down to millisecond-scale, thereby
establishing millisecond-scale upper bounds on their durations. The physical processes involved
in the truncation mechanism occur during the propagation of FRBs after their production. Con-
sequently, this mechanism is independent of the specific production mechanism or origin of the
FRBs, suggesting that it could potentially operate in all FRBs. Our results lift the constraint on FRB
production mechanisms that they must inherently generate bursts lasting only milliseconds.
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Core-edge-SOL modelling of density and fuel mix
control in JET high current and high-performance
baseline plasmas in D, T and D-T

The experiments performed at the Joint European Torus (JET) in the final years of operation give
the unique opportunity to investigate future reactor relevant issues. In preparation to the second
deuterium-tritium campaign (DTE2) JET team developed a high-current baseline scenario capable
of sustaining high performance for 5 s. The scenario was developed in D plasmas through a step-
wise increase in plasma current (2.5-4.0 MA), optimised for high performance and repeatability,
while minimising particle throughput. However, when reproduced in T and D-T mixtures, with
Ip=3.5 MA and BT=3.3 T, the discharge duration was limited to 2-3 s due to weakened ELM activ-
ity.

The modelling presented starts from predictive core simulations of these D, T and D-T pulses,
performed with JINTRAC equipped with the reduced first-principle based transport model Qua-
LiKiz. Plasma kinetic profiles, core performance as well as the isotope mixture are well reproduced
with a realistic impurity mixture of beryllium, nickel and tungsten. Using COCONUT we extend
the simulation domain from core-pedestal to the Scrape-off layer imposing the nominal gas puff-
ing throughput to investigate the role of fuelling in achieving a 50-50 D-T mixture via T gas, D
pellets, and neutral beam injection. We are presenting a novel framework of validation with the
state-of-the-art models that are being used in ITER re-baselining with D-T isotope segregation and
impurities (including W). COCONUT modelling results across isotope mixtures reveal a reduction
of core ionisation sources in T and D-T (particularly at low particle throughput) consistent with
the experimentally observed weakened ELM activity. Moreover, experiments performed during
DTES3 confirmed within the same plasma scenario the possibility of sustaining the pulse in D-T
with higher gas puff nominal throughput. Despite the critical importance of density and fuel mix
control for future devices, these aspects remain only sporadically explored due to large uncertain-
ties in edge particle sources. The JET baseline scenario offers a unique opportunity to address
these ITER relevant conditions (e.g. small compound ELMs, competition between pellet and gas
puffing), as it employs multiple fuelling channels with different isotopes, enabling the measured
isotope ratio to serve as a constraint for the analysis.
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Verification and validation of AE dynamics with
realistic energetic particle distributions in DIII-D
plasmas

The linear stability and nonlinear dynamics of Energetic Particle (EP)-driven modes is strongly
dependent on the phase space gradients of EP distributions, since these modes are driven unstable
by wave-particle resonances locally in phase space 1. Even though EPs are far from thermody-
namic equilibrium, their distribution function is often reduced in numerical modelling to local
Maxwellians, or more realistic analytical forms taking into account the EP slowing-down physics,
which tends to under-estimate the instabilities drive at high EP energy 2. Therefore, for accurate
predictions of EP-driven modes dynamics in upcoming burning plasmas and more importantly
their cross-scale interaction with microturbulence, which depends heavily on the drive ratio be-
tween drift-waves and EP-driven modes 3, realistic numerical distributions are required in kinetic-
MHD/gyrokinetic modelling.

In this contribution, we report progress made within the ITPA-EP activities, on the numerical
verification and experimental validation of gyrokinetic and kinetic-MHD codes using realistic EP
distributions. A DIII-D discharge has been chosen for this activity [4], where the stability of BAEs
is influenced by changes in beam injection direction. Realistic EP distributions are obtained from
NUBEAM [5]. Such inputs are generally too noisy to initialise 6 F" or full-F codes. They are there-
fore transformed into C? distributions in the 3D constants of motion (CoM) space (FE, p, P,) by
the EPCoM code [6]. In addition to providing numerically smooth distributions, this approach
enables a direct identification of instability drive in a phase space where wave-particle resonances
can be explicitly identify.

In particular, results from the gyrokinetic codes GTC [7] and the kinetic-MHD codes M3D-C1 [8]
and XTOR-K [9] will be presented. These codes agree well regarding the AE linear stability using
either EP realistic distributions or equivalent Maxwellians. The AE drive with realistic beam dis-
tributions is much stronger than with equivalent Maxwellians. CoM space analysis reveals that
although anisotropic beam EPs have less wave-particle resonances available, they lead to stronger
drive because the local gradient drive (n0p, + wOg)Fgp is 10 times stronger than its equivalent
Maxwellian. The dependence of AE stability on beam injection angle will be compared between
simulations and the experiment, as well as the modes nonlinear saturation and the associated EP
transport.

1 L. Chen et al. Phys. Rev. Lett. 52, 112 (1984)

2 G. Brochard et al., Phys. Rev. Lett. 132, 075101 (2024)

3 A. Ishizawa et al., Commun Phys 8, 486 (2025)

[4] W. W. Heidbrink et al., Nucl. Fusion 61 066031 (2021)

[5] A. Pankin, Comput. Phys. Commun. 159 157 (2004)

[6] G.Brochard et al., to be submitted to Comput. Phys. Commun. (2026)
[7] Z. Lin et al., Science 281 1835-7 (1998)

[8] S. C. Jardin et al., Comput. Sci. Discovery 5 014002 (2012)
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Experimental measurement of strong-field QED
effects at the ZEUS facility

Strong-field QED (SFQED) is the regime of physics where effective fields are comparable to E<sub>c</sub>
= 1.3 x 10<sup>18</sup> V/m, the critical field of QED. In this regime several exotic processes can

be observed such as non-linear Compton scattering and non-linear Breit-Wheeler pair production.

In addition, radiation reaction - the recoil experienced by particles radiating in these fields - takes

a different form from classical predictions and exhibits stochasticity. Such fields and physics are
relevant to astrophysical objects like magnetars and pulsars, but experimental investigation of this

area is limited by the difficulty in generating such large fields.

Currently the highest power laser beams tightly-focused can still only reach fields of order 10<sup>14</sup>
V/m, but when combined with a counter-propagating relativistic particle beam the fields in the

frame of the particles are upshifted to order 10<sup>17</sup>-10<sup>18</sup> V/m, close to
E<sub>c</sub>. These relativistic beams can be generated by laser-wakefield acceleration, allow-

ing SFQED experiments to be carried out using lasers only as drivers, with the additional advantage

that achieving spatial and temporal overlap of the beams is easier. Our collaboration has previ-

ously carried out experiments of this type on the Gemini facility [1,2,3], but the ZEUS facility
provides higher power beams and therefore access to stronger field interactions.

In this talk we will present an experiment carried out in September 2025 in which electron beams
up to 2 GeV were generated by laser-wakefield acceleration and collided with a 200 TW beam
focused to intensity ~5 x 10<sup>20</sup> W/cm<sup>2</sup>. The electrons were diagnosed by
a magnetic spectrometer, and the gamma rays generated by the collision by a LYSO profiler and
Csl stack spectrometer. We will present combined analysis of these, with supporting simulations,
to estimate collision parameters and SFQED effects observed.

References:
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Plasma facing material in inertial confinement
fusion reactors operated in the direct drive dry wall
approach

Nuclear fusion is a promising option for future large-scale energy supply. There are two main
approaches to fusion energy: magnetic confinement fusion (MCF) and inertial confinement fusion
(ICF). In 2022 ICF achieved, by the first time, ignition with gain at the National Ignition Facility
(NTIF). Since then, several campaigns carried out in it have replicated this milestone, achieving suc-
cessive increases in gain in each of them. These breakthroughs have motivated a notable increase
in public and private funding for the development of projects aimed at the conceptualization of
commercial power plants.

Despite the achievements, there are still several challenges that need to be addressed prior to up-
scaling to a commercial facility. One of them is the development of plasma facing materials (PFMs)
able to withstand the combined effects of large thermal loads and radiation environments taking
place in these reactors.

In this contribution, we will show the different radiation environments that PFMs have to with-
stand in ICF reactors operated in the direct drive dry wall approach 1. We briefly introduce the
limitations of coarse-grained W acting as PFM 2. Finally, based on a combination of experimental
and multiscale computer simulation data, we will discuss the capabilities and limitations of alterna-
tive W-based materials to act as PFM: nanostructured W, with a large density of grain boundaries
[3-7], and W nanocolumns, with a large surface area [8].

1]. Alvarez et al., Potential common radiation problems for components and diagnostics in future
magnetic and inertial confinement fusion devices, Fusion Engineering and Design 86 (2011) 1762—
1765. https://doi.org/10.1016/j.fusengdes.2011.01.080.

2 R. Gonzalez-Arrabal et al., Limitations for tungsten as plasma facing material in the diverse
scenarios of the European inertial confinement fusion facility HiPER: Current status and new ap-
proaches, Matter and Radiation at Extremes 5 (2020) 055201. https://doi.org/10.1063/5.0010954.

3 M. Panizo-Laiz et al., Experimental and computational studies of the influence of grain bound-
aries and temperature on the radiation-induced damage and hydrogen behavior in tungsten, Nucl.
Fusion 59 (2019) 086055. https://doi.org/10.1088/1741-4326/ab26€9.

[4] G. Valles et al., Influence of grain boundaries on the radiation-induced defects and hydrogen in
nanostructured and coarse-grained tungsten, Acta Materialia 122 (2017) 277-286. https://doi.org/10.1016/j.actamat.2016.10.0
[5] P. Diaz-Rodriguez et al., Direct observation of hydrogen permeation through grain boundaries
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[7] J. Suarez-Recio et al., Early stages of self-healing at tungsten grain boundaries from ab initio
machine learning simulations, Commun Mater 6 (2025) 1-14. https://doi.org/10.1038/s43246-025-
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Experimental evidence of in vitro sparing effects for
single-pulse, picosecond radiation from a
laser-plasma accelerator

Laser-driven plasma accelerators generate ultra-short (picosecond-femtosecond) and extremely
high dose-rate (10'° -10'® Gy/s) radiation sources that can induce unique cellular responses. These
beams deliver multi-Gy doses on timescales overlapping with the earliest physico-chemical stages
of radiation interaction. We present the in vitro cell response of biological samples to single-pulse,
multi-Gy electron radiation, delivered over picosecond timescales.

Single-pulse doses of up to 8 Gy (dose-rates of 101° -10'? Gy/s), were delivered to two healthy and
two cancer human cell lines. Dosimetric characterisation from radiochromic film and Monte Carlo
simulations confirmed high beam uniformity across samples, with transverse and longitudinal dose
variations of <10 % and 1%, respectively. Biological outcomes were compared with conventional
(CONV) 160 kVp X-ray irradiation (2.4 Gy/min).

At doses <3 Gy, responses were consistent with CONV irradiation (RBEsg ~ 1 for all cell lines). At
doses >3 Gy, a consistent departure was observed, with reduced radiosensitivity indicative of a
FLASH-like sparing effect. This was reflected in decreased RBE;( values (RBE;o ~ 0.84 for all cell
lines).

These results establish the potential of laser-driven plasma sources for investigating radiation re-
sponses at previously inaccessible timescales, providing a pathway to mechanistic insight into the
earliest radiochemical processes involved in high dose-rate radiobiology.
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The effect of the Isotope Mass on Divertor
Detachment and Pedestal Performance

This work presents a new integrated study of hydrogen isotope effects on scrape-off layer (SOL)
transport, divertor performance, and pedestal fueling combining dedicated DIII-D H-mode exper-
iments together with SOLPS-ITER simulations with full drifts. Matched H and D discharges were
specifically designed to isolate isotope effects providing a systematic comparison of pedestal struc-
ture and divertor detachment behavior. Increasing isotope mass significantly reduces divertor par-
ticle and heat fluxes prior to detachment, with particle fluxes decreasing from H to D. Detached
conditions occur at ~15% higher upstream density in H after SOLPS-ITER modeling constrained
by experiment indicates that carbon sputtering, rather than neutral mean free path effects, is the
primary driver of the observed isotope dependence of detachment access. To isolate the fundamen-
tal mass dependence from impurity effects, simulations are extended to pure H, D, and T plasmas
with both carbon and tungsten walls. The isotope effect is shown to arise primarily from parallel
momentum balance: while pressure and electric-field forces are nearly identical across isotopes,
heavier ions experience lower acceleration due to increased inertia, producing slower SOL parallel
flows and reduced convective transport. From H to T, target particle fluxes decrease by nearly a
factor of two, while divertor heat fluxes decrease by ~10% for each increase in isotope mass. These
results provide a comprehensive, experimentally validated predictions of isotope effects for DT

operation in future fusion devices.
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Turbulence characterization from density
fluctuations velocity in fusion plasma using Doppler
Backscattering diagnostic

Turbulence-driven transport and its self-regulation by plasma flows play a central role in con-
finement in magnetised fusion plasmas [1,2]. The perpendicular mean flow velocity (v_1) and its
radial shear facilitate turbulence reduction and transport barrier formation 3. Radial profiles of
v_. are accessible with Doppler Backscattering (DBS) [4], using density fluctuations as tracers.
The measured v_L is typically interpreted as the local ExB flow [5-7], but actually includes a con-
tribution from the phase velocity of turbulent structures, usually neglected. Previous experiments
have shown a systematic velocity increase at lower wavenumbers, suggesting a scale-dependent
contribution on top of the mean flow [8,9].

Characterising the turbulent phase velocity provides access to the turbulence regime and flow-
turbulence interaction. Here, such a characterisation is achieved for the first time, with the k__1
dependence of v_L from DBS compared against quasilinear predictions using TGLF with satura-
tion rule 2 [10,11]. A systematic increase of v_L at lower wavenumbers is observed across L-mode
configurations on WEST [12] and TCV, consistent with a finite phase velocity. This interpreta-
tion is verified using a synthetic DBS diagnostic based on full-wave simulations [13] applied to
Kolmogorov-like spectra and Hasegawa-Wakatani turbulence [14], consistently recovering phase
velocity signatures. The comparison with TGLF-sat2 simulations shows good quantitative agree-
ment, establishing a robust framework for characterising turbulence phase velocity and interpret-
ing DBS measurements.
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Shock propagation in cryogenic deuterium-wetted
foams

Low-density polymer foams wicked with cryogenic liquid hydrogen are prime candidates to deliver
nuclear fuel in inertial fusion power plants. These targets allow fast filling and uniform distribution
of the fuel on the inside of a spherical capsule that is required for high-convergence implosions
using laser-driven shock waves driven by ablation pressure. Their design requires high-precision
equation of state data and understanding of instability hydrodynamics.

In April 2026, we completed the first cryogenic wetted foam experiment that visualizes shock
wave propagation through foams that have been wicked with liquid deuterium at 25K. We utilized
high-resolution X-ray imaging measurements at the Titan laser facility at Lawrence Livermore Na-
tional Laboratory that delivered a 150-], 600 fs short-pulse laser beam to drive a Cu K-alpha X-ray
backlighter source at 8 keV. This setup provides X-ray phase-contrast images with 100 picosecond
temporal resolution and 20-micron spatial resolution of the shock-compressed plasma driven by a
second long-pulse laser beam at 450 ] energies and smoothed with a 600-micron continuous phase
plate. Our measurements provide new results on the shock speed and the shock uniformity for
various types of foam structures revealing a path towards approaching the uniformity achieved
in a pure deuterium liquid. The data further visualize the mixing of foam material with the liquid
behind the shock, providing important benchmark data for hydrodynamic simulations of laser-
driven fusion targets for inertial fusion energy.

These experiments provide the first measurements of the equation of state of wetted foams and
comparisons with liquid deuterium. The results are of critically importance to design inertial fu-
sion targets for public and private fusion efforts.

This work was funded by the DOE Office of Science, Fusion Energy Science under FWP100182.
We acknowledge support from Department of Energy (DOE), Office of Science, Fusion Energy
Sciences, under Award No. DE-SC 0024882: IFE-STAR was issued as SLAC FWP 101126. The work
of XX, JV., SM, and RC was performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore National Laboratory under Contract No. DE-AC52-07NA27344.
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