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Effect of resistivity on the MHD pedestal stability in JET

H. Nystrém!, L. Frassinetti', G.T.A. Huijsmans?, S. Saarelma’® and JET contributors*
! KTH Royal Institute of Technology, Stockholm, Sweden, > CEA, IRFM, Saint-Paul-Lez-Durance, France
3 CCFE Culham Science Centre, Abingdon, United Kingdom
*See the author list of J. Mailloux et al. Nucl. Fusion 2022 https://doi.org/10.1088/1741-4326/ac47b4

The pedestal in type I ELMy plasmas is commonly accepted to be limited by ideal peeling-
ballooning modes. However, recent JET results obtained in type I ELMy H-modes have
shown that the ELM can be triggered also before the ideal peeling-ballooning boundary [1, 2,
3]. In terms of engineering parameters, this typically occurs at high power and high gas rate
[2] or, in terms of physics parameters, at high relative shift between the density and
temperature pedestals [4]. More recently, the disagreement between experimental results and
ideal MHD predictions has been correlated with the resistivity in the middle-bottom of the
pedestal [5]. This correlation indicates that resistive MHD might be required to describe the
pedestal in plasmas with high relative shift.

In this work, we present the initial results of including resistivity on the MHD stability
analysis of an extended JET dataset. In the stability analysis the CASTOR [6] code has been
used. The CASTOR code is a linear MHD eigenvalue solver that includes resistivity but does
not include diamagnetic effects. The effect of the diamagnetic stabilization is therefore
implemented as a critical limit in the growth rate, taken as y = 0.250* nax where ®*max 1s the
maximum diamagnetic frequency in the pedestal.

The work is focused on two parts. Firstly,

the detailed analysis of four different shots +O 87342

with differing gas and power, to understand 0.9 ;,a:

the effect resistivity has on the peeling- =
ballooning stability. Secondly, a larger § 0.8 4 é
dataset is considered to see if the results g 5
obtained in the detailed analysis generalizes '§) 0.7 4 3

to other shots. =

The stability boundary in j-o space for JET 0.6 4

shot 87342 can be seen in figure 1 where

the inclusion of resistivity shifts the stability ; T T ;

boundary to within the uncertainty of the
experimental point. When a larger dataset is  gjoyre 1. Stability boundary for JET shot 87342 in j-a
considered, the results of this work indicate  space including (red) and excluding resistivity (green).
that resistivity can significantly improve the ~ FXperimental pointis shown with error bars.

model predictions and remove the correlation between relative shift and disagreement
between model and experiment. Additionally the shots that are ideally peeling-ballooning
limited are only weakly affected by including resistivity. This work therefore suggests that
including resistivity is an important first step in reconciling model and experiment in devices
with large relative shift where the pedestal does not appear to be ideally peeling-ballooning
limited.
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Microtearing turbulence and reduced transport model building in H-mode plasmas

M.Hamed!, M.J. Pueschel!:2, and J. Citrin'

'Dutch Institute for Fundamental Energy Research, 5612 AJ Eindhoven, The Netherlands
2Eindhoven University of Technology, 5600 MB Eindhoven, The Netherlands

In many fusion plasmas, microtearing turbulence is a key player, covering core and edge/pedestal scenarios as well
as spherical tokamaks. Recent analysis of JET plasmas [1] suggest that microtearing (MT) mode, may be responsible
for electron heat transport in the pedestal, and thereby play some role in determining the pedestal characteristics.
The stability of MT modes has been extensively studied, showing that a slab current sheet is stable in the absence of
collisions [2, 3, 4]. In contrast, recent gyrokinetic simulations in toroidal geometry found unstable MT modes [5, 6],

even at low collisionality.

To predict the electron heat transport due to MT in a tokamak pedestal, and to aid with the development of a
quasilinear MT transport model, nonlinear simulations were run with the GENE code and analyzed with respect to
magnetic fluctuations and the question which kind of physics sets the saturation amplitudes in the quasi-stationary
turbulent state. This is a key prerequisite for developing a reduced MT model applicable for flux-driven integrated
modeling. A reduced model for microtearing transport is presented that reproduces gyrokinetic trends for a number
of parameter regimes, as is demonstrated by comparison with a database of nonlinear gyrokinetic simulations. Using
this model, the impact of different physical parameters, in particular the electric potential, has been investigated in
nonlinear saturation. The electric potential play an important role in microtearing destabilization by increasing the
growth rate of this instability in the presence of collisions, while in electrostatic plasma micro-turbulence, zonal flows
can have a strong stabilizing impact in turbulent saturation. Here, instability and saturation physics are examined for
different pedestal cases and radial positions, with a special focus on the role of electric field fluctuations and the role
of zonal flows and fields. In the saturated state, it is found that removing the zonal flow and zonal fields causes a flux
increase, while linearly stabilization had been observed. This model will be coupled to a neural network for sweeping

parameter scans, working towards real-time transport modeling in particular of the tokamak pedestal.
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Effect of the divertor configuration on the JET edge radial electric field
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The current extrapolations for the ITER L-H threshold power are based on a widely used
multi-machine scaling, depending on density, magnetic field and machine size. However,
there is a considerable scatter around the scaling law caused by hidden parameters, such as the
divertor configuration. Studies in different devices (e.g. [1, 2]) have shown that the divertor
configuration can vary the power threshold by up to a factor of two and may therefore have a
large impact on future devices that needs to be understood.

The existence of a strong shear in the perpendicular plasma flow, vy, caused by a radial
electric field, E,, is thought to be fundamental for the edge turbulence suppression. The origin
of the E;xB flow is still not fully understood and therefore E, measurements are essential to
better understand the link between flow shear and turbulence suppression.

Over the years, several L-H threshold experiments were performed on JET to investigate the
importance of different parameters such as divertor geometry and isotopic mass (e.g. [1, 3]).
Here we report on v, measurements obtained by Doppler backscattering in JET experiments
with different outer divertor strike-point positions: tile 5 of the horizontal target (V5), vertical
target (VT), and in the corner (CC) configuration (between the horizontal and vertical targets
close to the pump throat). As reported before (e.g. [3]), VT and CC have similar L-H
threshold, which is roughly a factor of two larger than in V5.

A deeper v well is measured at the L-H transition for the VT configuration, vy ~ -3 km/s,
which is higher by a factor of about two than for V5. Furthermore, the v, profile for CC does
not show a well (vy. ~ 1 km/s at the expected well location) indicating that the edge E, profile
results from the main ion rotation compensating the diamagnetic term. This may be explained
by the existence of an edge toroidal flow most relevant for CC. As reported in [4], the corner
configuration shows a stronger pedestal toroidal velocity than in the other configurations, as
well as a lower neutral pressure in the main chamber. No clear correlation is seen between the
shear flow and the L-H power threshold for different divertor configurations. Our results do
not show evidence for the existence of a critical v, needed to achieve H-mode.

References: [1] C. F. Maggi et al., Nucl. Fusion 54 023007 2014; [2] P. Gohil, et al. Nucl. Fusion, 51

103020 2011; [3] H. Meyer et al., EPS Conference on Plasma Physics, P1.013 2014; [4] E. Joffrin et
al., Nucl. Fusion 57 086025 2017

!See the author list of ‘Overview of JET results for optimising ITER operation’ by J. Mailloux et al. to be
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Dynamic error fields derivation by inverting a validated interpretative
perturbations model

I.G. Miron and JET Contributors™
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A dynamic perturbations model has been already tested and validated during different dis-
charges at JET [1]. A good match between our calculated perturbations amplitude and frequency
and the ones provided by the JET Python code data analysis has been found. In order to obtain
our results a presumed very low static error field spectrum has been parametrically used to bet-
ter match as accurate as possible the perturbations experimental results. This time we intend
to perform an inverse approach of our model, starting from the already checked approximate
overlap between the calculated and the measured perturbations quantities in order to derive the
amplitude of the magnetic error fields influencing the perturbations behavior, the latter play-
ing the role of the input data. Our entire model being dynamic, the expected error fields to
be derived are also dynamic. The error field modes are to be introduced into the perturbations
differential system of equations in the whole space (plasma, vacuum and plasma column exter-
nal structures) and searched for as unknowns, whereas the plasma modes of perturbations play
an input parametric data role. A quasi-analytic dynamic solution for the error fields are to be
delivered. The solution will provide a clear dynamic behavior of the error fields amplitude for
various discharges in tokamak devices. We believe that the above mentioned validated direct
model perturbations results considered as a benchmark starting point for our error field deriva-
tion together with a subsequent correct mathematical calculus inverse approach will provide

reliable results for the magnetic error fields dynamics.
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Collisional-radiative model for transport simulations of neutrals in
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The importance of Eirene development for simulating the dynamics of neutrals and ions in the
scrape off layer is discussed. As a first step the role of the reactions among molecular and atomic
neutrals with ions in a edge tokamak plasma is investigated by using the solver for collisional
radiative models Yacora [1]. Two different cases are considered with plasma parameters and re-
actions deduced from: i) EIRENE-EDGE2D simulations for JET cases [2], ii) the SOLPS-ITER
simulations presented in Ref.[3] for a single-null EU-DEMO divertor scenario with kinetic neu-
trals. Atomic H, molecular H, and molecular ions H2+ hydrogen species are considered and the
extension to deuterium species is envisaged via a proper scaling of reaction rates. The list of
reactions includes molecular dissociation, induced ionization and molecular ion dissociation all
by electron impact plus a charge-exchange reaction with bulk ions (H, + H — H;r +H). A
source term modeling gas puff provides molecules that dissociate into atoms and/or molecular
ions, which are then ionized and/or dissociate again. At equilibrium H, density exhibits a peak
at low temperature (7" < 3eV) signaling weak molecule dissociation essentially due to charge
exchange with protons. By increasing the temperature electron impact reactions become the
main dissociation channel and suppress the molecular density. The model is then extended by
including vibrationally resolved molecular states H,(v) and the corresponding electron-induced
excitations and de-excitations among neighborhood states, which result to be the dominant re-
actions at low temperature. Hence, vibrational transitions and charge exchange reactions with
bulk ions provide the main channels for the establishment of molecular and atomic equilibrium
at low temperature. The relevance of charge exchange reactions with ions can be related with de-
tachment control, while vibrational transitions are useful for setting up molecular spectroscopy

as a proper diagnostic in the divertor region.
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Measuring RF-accelerated fast ions with DD and DT neutron spectroscopy:
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Two of the most important reactions in a fusion plasma are the D(d,n)’He (DD) and T(d,n)*He
(DT) reactions. Both these reactions produce neutrons, and if a neutron spectrometer is used to
resolve the emitted neutrons in energy it is therefore possible to infer various features of the
energy distribution of the D and T fuel ions. Furthermore, if the neutron spectrum is measured
along several different sightlines, it is possible to resolve the fuel ions spatially and/or in pitch
as well. A common application of neutron spectroscopy is the study MeV-range fast ions, which
typically result in distinct high-energy tails in the neutron spectrum.

The DD and DT reaction cross sections exhibit different dependences on the reactant
energies. Hence, the neutron spectra of DD and DT neutrons is sensitive to different regions of
the fast-ion velocity-space. In this contribution, we examine this velocity-space sensitivity in
detail, by means of previously determined velocity-space weight functions. By multiplying the
weight functions with various trial distributions representative of radio-frequency (RF)
accelerated ions at the JET tokamak, we obtain explicit maps of how much different regions of
the fast-ion velocity-space is expected to contribute to the measured neutron spectrum.

For JET-relevant distributions of RF-accelerated deuterons, we find that the average energy
of fast ions contributing to the DD signal is about 50-100 percent higher than the average
energies of the ions contributing to the DT signal. DD spectroscopy can therefore probe the
most energetic part of an RF-accelerated ion distribution (MeV-range ions), while DT
spectroscopy is mostly sensitive to more intermediate energies (200-500 keV). The implications
of these results for the interpretation and comparison of recent DD and DT neutron spectroscopy

results at JET is discussed.

T See the author list of ‘Overview of JET results for optimising ITER operation’ by J. Mailloux et al. to be
published in Nuclear Fusion Special issue: Overview and Summary Papers from the 28th Fusion Energy
Conference (Nice, France, 10-15 May 2021)
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While the growth rate of destabilized Alfvén Eigenmodes (AES) can often be difficult to
assess from experimental measurements, the net damping rate of stable AEs is readily
measured in JET tokamak plasmas by the Alfvén Eigenmode Active Diagnostic [1]: two
toroidal arrays of four antennas each [2] are independently powered and phased to resonantly
excite stable AEs with toroidal mode numbers |n| < 20 [3]. In this poster, we present the novel
experimental observation of an unstable-to-stable AE transition in a deuterium plasma and
compare with hybrid kinetic-MHD simulations. We also highlight recent tritium operations
with new high frequency filters, 165-330 kHz, which allow stability measurements of high-
frequency Toroidicity-induced AEs (TAEs, above the previous 250 kHz limit) and even
Ellipticity-induced AEs. Finally, we report ~2000 stable AE resonances measured during the
2021 JET DT campaign; radiative damping is inferred from strong correlations with the edge
magnetic shear and non-ideal parameter [4]. We will give a first look at the contribution of

alpha drive to a subset of these stable AEs, as calculated with kinetic-MHD codes.
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Impurity modelling with European Transport Simulator: implementation
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Model for the evolution of the impurity density included in the European Transport Simulator
is described in this work together with the implementation details and the results of the veri-
fication studies against the standalone model. European Transport Simulator (ETS) [1] is the
integrated modelling tool (workflow) capable to interpret and predict scenarios of the fusion
plasma devices. ETS includes several 'building’ blocks describing different plasma processes
(transport, heating, etc.) that are combined in transport equations describing evolution of the
plasma profiles (poloidal flux, density, temperature).

Accurate modelling of the impurity evolution is an important part of the scenario modelling
for the present and future fusion devices. Impurity effect on the plasma dynamics (like the
impurity accumulation or the imputity effect on the power exhaust) should be included in the
scenario modelling to get reliable predictions. Equations for the evolution of the impurity den-
sities are included in ETS. The verification of the impurity model for the ETS version using
Consistent Physical Objects (CPOs) for the data transfer was reported in [2]. Recently, ETS is
updated to use IMAS framework [3]. This was accompanied by the substantial modification of
the impurity model implementation in the simulator. The model details and the implementation
scheme are described in this work highlighting the modifications made as compared to the pre-
vious version. The results of the verification against the standalone modelling results obtained

using the SANCO code [4] for the parabolic kinetic profiles in JET-like geometry are presented.
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Analysis techniques for the simultaneous measurement of impurity ion
temperatures and velocities in MAST-U using Coherence Imaging
Spectroscopy
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The ability of Coherence Imaging Spectroscopy (CIS) to quantify 2D profiles of ion flow ve-
locities inside fusion devices such as MAST [1], DIII-D [2], Wendelstein 7-X [3] and ASDEX-U
[4] has been well documented. In addition to these studies, we present an extension of the capa-
bilities of CIS to allow for the simultaneous determination of impurity ion flow velocities and
temperatures through the demodulation of the phase and contrast, respectively, of interference
fringes super-imposed on CIS images. Testing and optimisation of the Fourier demodulation
techniques and SART inversion algorithms has been carried out using synthetic CIS images of
various MAST-U Super-X divertor plasmas. Synthetic images were generated using single and
multi-delay ’pixelated’ phase mask (PPM) CIS instruments, developed by Allcock [5], which
will be installed on MAST-U during the MUO2 experimental campaign. A PPM CIS offers
greater spatial resolution when compared to the linear phase mask used in [1] due to the bond-
ing of polarising filters of different orientations directly to the CIS camera sensor. These tech-
niques have wide reaching applications in the validation of future fusion device simulations and
detachment studies as CIS is the only diagnostic capable to simultaneous determining 2D ion
temperature and velocity profiles. The use of a multi-delay PPM CIS, which encodes interfer-
ence information in multiple carrier frequencies increasing fringe contrast and thus the accuracy
of temperature measurements, is novel and further compounds the effectiveness of CIS as a tool
for the direct measurement of the effect Super-X divertor designs have on impurity transport

and temperature profiles.
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Observations of confined fast ions in MAST-U with the NCU
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Spherical tokamaks contribute to the design of future fusion reactors in several key areas
such as divertor physics, neutral beam current drive and Fast Ion (FI) physics. MAST-U, which
was design to address, among other objectives, these issues, has successfully concluded its first
experimental campaign providing a wealth of new results. Thanks to its low magnetic field (<
1 T) and high energy (> 50 keV) of the NBI system, MAST-U is suitably poised to study the
interaction of super-Alfvénic FIs with a wide range of MHD instabilities including global ones
determined by the plasma equilibrium and scenarios such as sawteeth, NTMs and ELMs as well
as broad categories of Alfvén instabilities such as TAEs, GAE and CAEs and of energetic par-
ticle modes such as fishbones. To further explore the role of the FI distribution function spatial
gradient in driving these instabilities, MAST-U is equipped with two tangential NBI systems,
one on the equatorial plane (on-axis) and one that is vertically shifted 65 cm above the equa-
torial plane (off-axis). In order to study the rich physics that was expected, and confirmed in
the recent experimental campaign, several FI diagnostics were upgraded and new ones added.
Among them, the prototype neutron camera [1] has been upgraded [2] to six sight-lines (all on
the equatorial plane). The first observations of the confined FI behaviour in a wide range of
plasma scenarios characterized by on-axis and/or off-axis heating and by sawteeth, fishbones
and TAEs are presented here. Comparisons with fission chamber measurements are presented
and the observed discrepancies discussed. Finally, clear evidence of different FI deposition pro-
files with off-axis NBI heating only compared to the on-axis only case are presented. In the
former case, the neutron emissivity in the core is approximately hundred times smaller than in
the latter and its radial profile is hollow, indicative of a regime characterized by high losses of
fast 1ons. These initial results confirm the capabilities of the Neutron Camera Upgrade (NCU)
and provide the opportunity, in combination with observations from other FI diagnostics and
modeling, for a more constrained description of the FI dynamics in fusion reactor relevant sce-

narios.

*See author list of J. Harrison, et al. 2019 Nucl. Fusion 59 11201
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Linear drive of Fast-ion-driven vertical modes
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Recent JET experiments [1] reported the observation of axisymmetric modes (i.e. with
toroidal mode number n=0) destabilized in presence of fast ions. Axisymmetric modes in
elongated plasmas are normally associated with a well known ideal instability resulting in
a vertical shift of the whole plasma column. This vertical instability is stabilized by means
of passive feedback consisting of eddy currents induced by the plasma motion in a nearby
wall and/or in plasma facing components. When this feedback system is represented by a
resistive wall, the n=0 mode dispersion relation can be studied analytically and is cubic.
Under relevant tokamak conditions two roots are oscillatory and weakly damped with a
frequency proportional to the poloidal Alfvén frequency. These oscillatory modes present
a frequency which is below the minimum of the Alfvén continuum, therefore they are not
affected by continuum damping. The third root is unstable and represents the so-called
resistive wall mode (RWM). We focus on the two oscillatory modes, that can be driven
unstable due to their oscillatory character. In fact, even though they are damped by the
wall resistivity, they may resonate with fast ions leading to fast-ion-driven vertical modes
(in brief FIDVM) as described in Ref. [2]. We derived the cubic dispersion relation
for the n=0 modes fully analytically within the so-called reduced ideal MHD model.
Thereafter, the effects of energetic particles are added in the framework of hybrid kinetic-
MHD model. The mode-particle resonant condition for these modes is w = pwy ¢, where
p is an integer number labelling harmonics over particle orbit periodicity and wy, is
the bounce (or transit) frequency of magnetically confined fast particles. An energetic
ions distribution function with OF/OFE > 0 is required in order to drive the instability.
It is thus possible to drive the FIDVM unstable in presence of a distribution function
characterized by an anisotropy in the pitch angle A or by a bump-on-tail like distribution
in the velocity. In particular the latter situation can be achieved considering losses of fast
ions or with a modulation of the fast ion source [3-4]. The growth rate introduced by the
resonant interaction with both trapped and passing particles can overcome the damping
introduced by wall resistivity. The FIDVM theory presented here is motivated in part by
the observation of saturated n=0 fluctuations reported in [1]. These observations were
tentatively interpreted in terms of a saturated n=0 Global Alfvén Eigenmode (GAE). It
is early for us to conclude whether, in fact, the mode observed at JET is a FIDVM rather
than a GAE, nevertheless, we discuss the main points of distinction between GAE and
FIDVM that may facilitate the experimental identification.
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L-H transitions and intermediate behaviours on MAST and MAST-U
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Beyond a critical net power threshold Py, tokamak plasmas transition to a state of reduced
turbulence and improved confinement. This high confinement regime (H mode) allows for a
higher core pressure and thus fusion power, and is therefore the favoured operating regime for
future, reactor-scale tokamaks. One important goal is to predict Pry. There does not yet exist
a quantitative model for P y and attempts at finding an empirical scaling law have not yet
produced one which captures all the parameter dependencies.

The work on the density dependence of P gy for a set of experiments on MAST presented
at the previous EPS conference [1] has been updated and refined. The components of the net
power P, can each be calculated using different methods, including through making use of
the EFIT and TRANSP codes and varying smoothing window sizes in the calculation of the
rate of change of stored energy. The findings suggest a combination of TRANSP and EFIT
used together with diagnostic data provides the best estimates, though the overall trend of a
U-shaped density dependence for Py is captured by all methods. In addition to different types
of H modes and L modes, plasmas near the threshold exhibit a variety of behaviours, which
have been classified based on a combination of quantitative and qualitative characteristics. The
contrasting plasma responses are shown to occupy distinct regions of parameter space.

Recent studies (e.g. [2]) have shown that L-H transitions occur at a critical energy transfer
from turbulence to zonal flows. The generality of this result as well as the link between this
and divertor configurations will be explored, as separate studies on C-Mod [3] have shown a
dependence of Pry on divertor geometry parameters. As part of a study into the effects of diver-
tor configuration on the L-H transition, experiments comparing H-mode access in conventional
and Super-X divertors on MAST-U have been set up. First results from L-H transition studies
on MAST-U using the Super-X divertor are presented.

This work was supported by the Engineering and Physical Sciences Research Council grants

[EP/LO1663X/1] and [EP/T012250/1].
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The hybrid scenario on JET has often an improved confinement compared to the H98y2
scaling prediction. This has been observed before on many other experiments, e.g. DIII-D and
AUG. From a scaling point of view it is a very interesting question whether this confinement
improvement is a consequence of the higher beta operation in the hybrid scenario compared to
the traditional H-mode [1] or if the higher normalised confinement is e.g. due to a weaker
power degradation as reported in [2]. The H-factor and the plasma By are derived both from
the stored energy and hence tend to be strongly correlated.
In this paper, results from a database (DB) analysis of about 4500 points from the entire JET
ITER- like wall period are shown. Here deuterium, hybrid pulses in a low triangularity lower
single null shape are presented. The database is large and diverse enough to allow a derivation
of the different scaling dependencies at different B ranges (0.5<Bx<2.7) under the assumption
that all other scaling dependencies are as prescribed in a scaling law (0.8MA<I,<3MA,
1T<B<4T, 2MW<P;,<38MW dominantly NBI, 2-10"”m~<n.<7-10”m", geometry factors are
constant in DB). This analysis has been done either assuming IPB98(y,2) or ITPA 20 — ITER
like (IL20 from now on) [3] scaling properties. It is shown that the IPB98(y,2) exponents fit
well to the experimental data as a whole. If only a subset of the data in a reduced beta range
for medium beta is considered, the same agreement is found but the multiplication factor

needed increases with beta (Bx as well as B,). Deviations in the exponents are found at low
and at high (.

As a further test, the scaling law has been changed to the IL20 properties which results in a
better global agreement. The exponents of this scaling fit very well to the low beta part of the
DB but not equally well to the medium beta part of the database. This might indicate that the
low beta and confinement part of the DB, which is closer to the traditional H-mode operating
space, indeed scales more like IL20, whereas the more hybrid like operation space (lower gas
fluxes and higher input power) scales more like [IPB98(y,2).

The observed deviations compared to the IL20 scaling assumption re-enforces the finding of
the good agreement especially with the P, (but also n.) dependence of the IPB98(y,2) scaling
law despite the better general agreement with the IL20 like scaling. The driving factor of the
confinement dependence seems not to be a weaker power degradation but an increase of
confinement with beta which is not captured by the other engineering regression variables and
would likely require additional variables. This findings might be explained by the observed
better pedestal stability and lower turbulence growth rates at higher beta as also been
indicated in [2].
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Neon seeding effects on two JET high performance baseline plasmas
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On JET Neon injection seems to improve confinement [1] and in addition it is needed in high
performance plasmas for mitigating heat fluxes to the divertor and to the first wall. Recent
experiments at JET were able to combine low- to mid-Z impurity seeding with high
performance baseline H-modes, obtaining an improvement in the confinement when Neon gas
was injected with respect to the equivalent unseeded plasmas [1]. Impurity seeding has an
impact on plasma dilution and on the radiative power profile, but can also modify the transport.
In this paper the results of the modelling of two JET baseline pulses, one with Neon seeding
and one without seeding, are presented, including a comparison of their turbulence spectra, in
order to understand the effects of Neon seeding on transport and confinement. The baseline is
one of the two plasma scenarios explored at JET for stationary high fusion performance, in
which the confinement is achieved at high plasma current (Ip> 3.0 MA) and moderate beta
normalized, with a relaxed current profile [2]. The shots modelled in this paper share similar
plasma parameters (3.0 MA/2.8 T, fn =~ 2.2, qos = 3) and auxiliary heating powers (Pngi = 28.7
MW, Picrn = 3.7 MW), with the only difference being the Neon seeding, which allows the
modelling to investigate the effects of Neon on transport.

The simulations are performed in a fully predictive way in the JINTRAC [3] suite of codes,
using JETTO as transport solver and QuaLiKiz [4, 5] as quasilinear gyrokinetic transport model
from the magnetic axis up to the pedestal top. The modelling takes into account the pedestal
improvement obtained with Neon seeding, also seen in other shots [1]. The pedestal is modelled
by adjusting the heat transport in the Edge Transport Barrier (ETB) in order to match the
experimental height of the temperature pedestal. The evolution of the plasma current density,
electron density, electron and ion temperatures and plasma rotation are computed self-
consistently, as well as the equilibrium. The transport of impurities is evolved, considering an
impurity mix of Be, Ne, Ni and W. Boundary conditions on the electron and ion temperatures
are imposed at the separatrix and equal to 100 eV; initial conditions on the profiles of the
electron density and temperature are taken from High Resolution Thomson Scattering (HRTS)
measurements, while ion temperature and toroidal rotation are taken from the beam Charge
Exchange (CX) spectroscopy.

The results of the predictive simulations are in good agreement with the experimental
measurements for both of the analysed shots. QuaLiKiz shows a reduction in the electron and
ion thermal diffusivities in the Ne seeded shot for 0.4 < ¥n < 0.9. In order to understand the
cause of the transport reduction, QuaLiKiz turbulence spectra are compared. The microstability
analysis suggests that Ne injection reduces the growth rates of both ETG and ITG modes, which
leads to a decrease of the heat fluxes with respect to the unseeded pulse.

* See the author list of J Mailloux et al. 2022 Nucl. Fusion https://doi.org/10.1088/1741-4326/ac47b4

[1] Giroud C. et al 2021 28th IAEA Fusion Energy Conference (FEC 2020) [2] L. Garzotti et al 2019 Nucl.
Fusion 59 076037 [3] Romanelli M. et al 2014 Plasma and Fusion Research 9 3403023 [4] Bourdelle C. et al
2016 Plasma Phys. Control. Fusion 58 014036 [5] Citrin J. et al 2017 Plasma Phys. Control. Fusion 59 064010


https://doi.org/10.1088/1741-4326/ac47b4

Predictive modelling of D-T fuel mix control with gas puff and pellets for JET
3.5 MA baseline scenario

V. K. Zotta', L. Garzotti, F. J. Casson?, D. Frigione3, S. Gabriellini', R. Gatto', E. Giovannozzi*,
H.-T. Kim?, F. Koechl?, P. Lomas®, G. Pucella*, F. Rimini?, Z. Stancar’, M. Valovic?, D. Van Eester®,
J. Mailloux?, E. de la Luna’ and JET Contributors*

! Sapienza University of Rome, Rome, Italy

2 CCFE, Culham Science Centre, Abingdon, UK

3 University of Tor Vergata, Rome, Italy

* ENEA C. R. Frascati, Frascati, Italy

3 Slovenian Fusion Association (SFA), Jozef Stefan Institute, Jamova 39, SI-1000 Ljubljana, Slovenia
¢ Laboratory for Plasma Physics, LPP-ERK/KMS, Bruxelles BE

7 Laboratorio Nacional de Fusion, CIEMAT, Madrid, Spain

Fuel mix control is a relevant problem in present experiments featuring mixed fusion plasmas, and it will be
crucial in future fusion reactors operating with a D-T plasma mixture. To maximise the deuterium-tritium (D-
T) thermal reactions the plasma mixture has to be close to 50-50. However, the fusion power can be maximised
in presence of D neutral beam injection (NBI) in a T rich plasma, so to favour the beam target component of
fusion reactions. Integrated modelling can help explore and compare different fuelling schemes and provide
guidance on how to design a suitable recipe in order to achieve the desired experimental condition and
minimize the T consumption. In this paper, we present the results of fully predictive simulations done in
preparation to the D-T operations of the JET baseline scenario. It is shown that a balanced (50-50) D-T plasma
mixture can be obtained by balancing the external particle sources. The different fuelling sources such as NBI,
gas puff and pellets are dominant particle sources in different regions of the plasma. In the inner core region
(Yy < 0.4) the fuelling injection associated to the NBI is dominant, while gas puffing is the dominant source
from the edge to a Yy = 0.6. The effects of pellets depend on the pellet injection parameters and can be used
to control the plasma compositions as shown in [1]. Moreover, a different fuelling efficiency can be expected
for different hydrogen isotopes. The simulations are performed in the JINTRAC [2] suite of codes using
QuaLiKiz [3, 4] as first-principle transport model to predict the plasma current density, the electron density,
the ion densities for D and T, the electron and ion temperatures and the toroidal velocity self-consistently with
the equilibrium. The boundary conditions are imposed at the separatrix which allows to investigate the effects
of the imbalanced gas puff and the effects on the plasma composition of pure D pacing pellets, required in the
baseline scenario. A first group of simulations starts form the extrapolations shown in [5], varying the plasma
composition with gas puff only in order to explore the dependence of the fusion performance on the T
concentration with balanced D-T NBI injection. Introducing D pacing pellets in the modelling, the gas puff
sources have to be adjusted in order to keep the plasma mixture close to the 50-50. The ionization sources
(not measured at JET) are computed by FRANTIC. Therefore, the results of this modelling can be trusted in
terms of fusion performance but can only estimate the experimental particle sources. The modelling results are
in line with the experimental measurement obtained during the last D-T campaign at JET, showing a good
prediction capability also in D-T plasma mixture.

* See the author list of “Overview of JET results for optimising ITER operation” Joelle Mailloux et al. 2022 Nucl. Fusion (preprint).
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The MAST-U spherical tokamak has extensive capabilities to produce and explore strongly

shaped plasmas and alternative divertor configurations, especially the Super-X. Robust and

accurate reconstructions of plasma equilibria are the foundation of many physics analyses,

and important intershot for informing operation of the tokamak.
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Figure 1: Magnetics only
EFIT++ equilibrium

reconsruction for MAST-
U shot 45456 at t=0.445s.

MAST-U is equipped with a range of magnetic sensors including
b-field sensors and flux loops. In this work the Grad-Shafranov
equation for the plasma equilibrium is solved using the EFIT++
code!!); which has been updated to provide routine magnetics only
reconstructions during the first physics campaign. The results of
the analysis show a good agreement with the magnetics data, and
the quality of equilibrium reconstructions is further assessed by
comparing with diagnostics not used as constraints. For example,
in the divertor region there is good agreement between EFIT-++ and
strike point locations measured with Infra-Red thermography and
Langmuir probes, and the divertor leg position measured with
Multi-Wavelength Imaging.

The next steps for analysis of MAST-U equilibria are discussed.
This includes the first results and impact of adding additional

constraints to the EFIT++ reconstructions of the electron pressure

profile from Thomson Scattering, ion temperature from Charge Exchange and the magnetic

pitch angle from the Motional Stark Effect system to the EFIT++ reconstructions.

[1] Appel, L. C. et al. “Equilibrium reconstruction in an iron core tokamak using a deterministic

magnetisation model.” Comput. Phys. Commun. 223 (2018): 1-17.



Quasi-Linear transport model EDWM: Update and benchmarking
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In this poster we present the latest updates to EDWM [1] and benchmark it against other
Quasi-Linear models such as TGLF and QLK for discharges at JET. EDWM is a quasi-linear
fluid model which can handle an arbitrary number of ions in arbitrary many charge states [2]
and several improvements have been made. Firstly, a new filter which describes the electro-
static potential wave number spectrum has been developed which has significant impact on
the fluxes. An updated mixing length assumption has been developed which includes all the
spectral dependence in a filter f(k,) combined with a saturation level at a correlation scale,
ko: €9 /T, = f(ky)Yiina/kakapscs. Here ky is the wavenumber in the polodial direction, py and
cs are the sound speed and wave length. To have the correct spectral dependence is especially
important for the particle channel, as the major part of the outward diffusion and inward pinch
might be located at different spectral scales. Hence, an erroneous filter might quench one and
not the other, leading to an incorrect flux. Zonal flows have previously been shown to play a
major role for the turbulent transport saturation [3] and its effect are included in the filter. This
spectral dependence is verified against non-linear simulations with the gyrokinetic code GENE
[4]. Secondly, EDWMs’ response to the safety factor has been improved by comparing with
safety factor scans done with the gyrokinetic code GYRO [5]. Results show that a stronger re-
sponse for EDWM is needed which will lead to a larger transport in the outer regions of the
plasma. Lastly, a new flux normalization has been performed to accommodate the new features
of EDWM by comparing with the fluxes from experiments at JET and GENE simulations. This

includes an updated fraction between the ion and electron heat transport.
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Significant progress with the development of three-ion ICRF scenarios in support of the ITER
Research Plan has been recently achieved [1]. We report the results of JET studies where the
three-ion “He-(3He)-H scheme was applied for heating non-active H-*He plasmas, both on-axis
and off-axis [2], and studying the impact of fast ions on the plasma confinement. The spatial
profile of energetic *He ions was controlled by varying the ICRF antenna phasing, resulting in
significant differences in MHD behaviour and sawtooth dynamics. Our results confirm that the
three-ion ICRF scenario can be applied to control the radial profile of the safety factor and
sustain plasmas with an inverted g-profile at JET, complementing earlier observations of its
application in D-3He plasmas [3]. Another important highlight of the JET experiments
in H-*He plasmas reported here is the demonstration of the capability to measure
simultaneously both He isotopes, n(*He)/ne =~ 5-15% and n(*He)/ne ~ 0.2%, using the high-
resolution sub-divertor gas spectroscopy [4].

In this contribution, we also report on the successful application of the three-ion
°Be/?’Ne/Ar-(*He)-H ICRF scheme at JET. This scenario makes use of intrinsic °Be
(Z/IA = 0.44), and/or extrinsic impurities with a similar charge-to-mass ratio, e.g., 2Ne and Ar
(Z/IA = 0.45), to optimize the efficiency of ICRF absorption by a small amount of *He ions
(n(*He)/ne = 0.5%) in hydrogen plasmas [1]. JET experimental results confirm that an
additional injection of a very small amount of 22Ne impurities is beneficial for maximizing the
population of MeV-range “He ions with ICRF in the plasma, as evidenced by gamma-ray
spectroscopy [5]. In the absence of a direct control of the level of °Be impurities, an additional
seeding of 2Ne or Ar impurities is a promising technique that can be also applied in future
ITER plasmas.
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MAST-U is equipped with a Super-X divertor which aims to promote detachment. Measurements
of plasma density and temperature in the Super-X chamber offer insight into the processes at
work in this type of divertor. First data has been obtained from the MAST-U divertor Thomson
scattering diagnostic [1] designed to measure these quantities. Following a Raman scattering
calibration in Nitrogen, the diagnostic operated over a number of plasma pulses in the first
physics campaign. Electron density and temperature measurements have been taken in attached
and detached conditions and as the strike leg has moved through the field of view of the
diagnostic. The system operated with a dedicated 30Hz laser with timing synchronised to 7
similar lasers installed in the core Thomson system.

Electron densities in the range 1 x 10" - 5 x 10"°’m™ have been measured by the system
throughout these regimes. Although the system was specified to measure from 1eV-100eV [2],
electron temperatures in the Super-X divertor in the first campaign were low and measurement
down to 0.5eV has been critical, particularly close to the detachment front. This generation of
polychromators [1] have been designed with increased stray light rejection compared to those
used in the core system. This has proved successful with very low levels of stray light observed.

A range of different operational scenarios were carried out to investigate the capabilities of the
Super-X divertor. Magnetic geometry, gas fuelling and magnetic flux expansion were explored to
study the access to a detached regime. These measurements have been compared to other
diagnostics operating in the divertor such as Langmuir probes and spectral imaging systems and
have shown good agreement.

1.J. G. Clark et al, Rev. Sci. Instrum. 92, 043545 (2021)
2.J. Hawke et al, JINST 8, C11010 (2013)
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Physics informed fast Grad-Shafranov surrogates
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The calculation of ideal magnetohydrodynamic (MHD) equilibria is vital to understanding

and controlling the behaviour of magnetically confined plasmas. These equilibria provide im-

portant integrated tokamak characteristics such as stored energy and edge safety factor in addi-

tion to serving as input for subsequent simulation codes. Equilibrium reconstruction is normally

performed with numerical solvers. However such methods are computationally costly and inap-

propriate for real-time plasma control which typically requires calculation times below 100us.

In this work we present neural surrogate models that are
able to rapidly reconstruct JET-ILW plasma equilibria.
The models were developed to reproduce the poloidal
flux function Y(R,Z) calculated by EFIT, an equilibrium
solver used on JET [1]. The surrogate inputs consisted of
magnetic signals measured by diagnostic pick-up probes
and flux loops. The training and validation dataset was
created from 955 experimental JET-ILW pulses, and con-
tained 311914 data points of individual 0.03s timesteps.
Both multilayer perceptron (MLP) and convolutional neu-
ral network (CNN) architectures were tested [2]. It was
found that the latter performed better in terms of Mean
Squared Error (MSE) and Mean Structural Similarity
(MSSIM) with the true flux geometry. The surrogate loss

function was modified to incorporate the Grad-Shafranov

2.0

1.5

1.0

0.5

-0.5

-1.0

-15

<. -

Figure 1:

R(m)

EFIT (grey) and surrogate

(blue) flux surfaces for JET-ILW shot
#94257, MSE=0.003 MSSIM=0.967

equation, introducing a physical understanding of the problem to the network [3]. Figure 1

shows y predicted by the surrogate as a series of flux surfaces within the tokamak cross-

section, compared to the EFIT ground truth. Model inference time is of the order of millisec-

onds, demonstrating the viability of surrogate EFIT models for real-time control scenarios.
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Neural Plasma Reconstruction from Diagnostic Imaging
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We leverage a neural network to estimate 2D distributions of neutrals, electrons and temper-
ature from images of plasma obtained via cameras inside the MAST vessel. This is achieved
by learning the non-linear mapping between images of the plasma emission and the distribu-
tions of the neutrals, electrons, and temperature. Our network, composed of an image encoding
block followed by a dense layer, is able to achieve a mean relative RMS error on the test set
of 14.6% +5.0%, 27.3% £+ 5.2%, and 15.3% =+ 3.7% for the neutrals density, electrons density
and the electron temperature respectively the results of which an example is shown in Figure [}
Crucially, our network is able to predict not only the electron density and temperature param-
eters, but also the neutrals density parameters, in only 8ms and the full 2D distributions with a

spatial resolution of 4mm in 6s on a laptop RTX 3070 GPU.

Figure 1: Input Image (Left), Predicted Cross-Sections (Middle: neutrals density, electron density, tem-

perature), Predicted Image obtained with volume rendering using predicted parameters (Right).

The success of training a network depends on the richness of the training dataset. Currently,
no experimental data exists with a sufficient number of configurations with visually distinct
equilibria. To resolve this, we densely sample the space of configuration and simulate the cam-
era image generating process to produce synthetic images of the plasma to train our network.

Our future goal is to further improve the accuracy on simulated data, as well as validate our
methods on real diagnostic images. We believe our method has the potential to provide fast

feedback of the 2D distributions during physical experiments to improve control.



Microwave current drive for STEP and MAST Upgrade
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The UK’s Spherical Tokamak for Energy Production (STEP) reactor design program has
recently taken the decision to use exclusively microwave-based heating and current drive
(HCD) actuators for its reactor concepts. This is based on a detailed assessment considering all

viable HCD concepts, covering the grid to plasma efficiency (ngriq), physics applications,

technology maturity, integration, maintenance, and costs. Of the two microwave techniques:
Electron Cyclotron (EC) and Electron Bernstein Wave (EBW), EC was deemed the lowest risk
and EBW is maintained due to its exceptional CD efficiency. To assess the ECCD efficiency,
the GRAY beam tracing code was employed to perform detailed scans of the launcher position,
toroidal and poloidal launch angle, and frequency over the first 3 cyclotron harmonics. It was
found that normalized efficiencies, {¢p, of 0.45 could be achieved reliably, with {cp = 0.9 for
far off-axis Ohkawa current drive. For EBW, GENRAY/CQL3D were used to estimate the CD
efficiency. Efficiencies of {cp > 0.9 were found over 1/3 of the plasma radius, peaking more
than a factor of 2 greater than ECCD in this range. EBW-CD is not as widely used or as mature
as ECCD. To reduce the physics uncertainties in present models for EBW coupling and current
drive, MAST Upgrade will install 2 x dual frequency (28, 34.8 GHz), 900kW, 5s gyrotrons
from Kyoto Fusioneering, as part of the MAST Upgrade enhancements package. This will be
accompanied by a flexible 2D steering launcher system to allow midplane co- and counter-CD
and above midplane launch for co-direction off-axis CD. Coupling efficiency is quantified by
measuring the heating induced by reflected (i.e. non-coupled) power to a plate inserted in the
reflected beam path. The experiments will also include EBW driven solenoid-free start-up,
increasing power and pulse length by a factor of 10 on MAST experiments. This presentation
will discuss the STEP microwave studies and the MAST Upgrade physics design and

capabilities.



An extended-MHD model for peeling-ballooning stability thresholds in
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We show that non-ideal physics can significantly alter peeling-ballooning (PB) stability thresh-
olds in spherical torus (ST) configurations, such as NSTX and MAST. Novel resistive kink-
peeling modes are found to limit macroscopic edge-stability in ELMing NSTX discharges [1],
and can possibly be a limiting factor in other ST devices. Edge-localized modes (ELMs) are as-
sociated with ideal peeling-ballooning (PB) modes occurring in the edge pedestal due to strong
pressure and current density gradients. A long-standing problem has been the reliable modeling
of such stability boundaries in spherical tokamaks (STs), where ideal-MHD models often pre-
dict stability for ELMing discharges [2]. Some MAST discharges were found to be located on
the ballooning stability boundary [3]. Employing the extended-MHD initial value code M3D-C1
[4], we investigate macroscopic edge-stability in ELMing and ELM-free discharges in NSTX
and MAST. In ELMing discharges robust resistive peeling-ballooning modes [5] are found well
before the ideal stability threshold is met. In contrast, ELM-free wide-pedestal and enhanced-
pedestal H-mode discharges in NSTX are limited by ideal ballooning modes. Plasma resistivity
is seen to destabilize the kink-peeling components, but not the ballooning components. Finite
Larmor radius effects affect the stability limits moderately and can explain experimental access
to some ELLMing regimes. Based on these extended-MHD calculations ELMing discharges are
correctly predicted to be unstable, whereas ELM-free plasmas remain inside the stable domain.

*Work supported by the U.S. Department of Energy under contracts DE-AC02-05CH11231,
DE-AC02-09CH11466, DE-FC02-04ER54698 and the DoE early career research program.
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Stability analysis is considered to be of fundamental importance to allow operation of
plasma fusion devices and prevent bad confinement with consequent loss of plasma
performance and/or plasma wall damages. For these reasons a careful analysis of the plasma
stability properties for the DTT (Divertor Tokamak Test) machine [1] is undergoing. DTT is a
new facility, under construction in Frascati, Italy, whose aim is to design and test a divertor
able to face the problems of thermal loads and power exhaust. In this work the SN (single
null) scenario proposed for DTT is studied [2]; our attention is focused on low-n stability for
both ideal and resistive plasmas. Such analysis is part of a process where different codes
follow each other in a consistent chain; so, equilibrium analysis, which precedes stability,
follows the results of electromagnetic analyses (CREATE-NL, [3]) and transport analyses
(JETTO, [4]). The code used to study the equilibrium is CHEASE [5], a high-resolution fixed
boundary code that solves the Grad-Shafranov equation in toroidal geometry, assuming static
MHD equilibria and axisymmetry. MARS [6] is the stability code used. It solves full MHD
linear, resistive equations and can also consider a vacuum zone between the plasma last
closed surface and a perfectly conducting wall, which is conformal to the plasma last closed
magnetic surface. First the reference scenario is carefully analyzed; in this framework, the
relevant parameters are the safety factor on axis, qo=0.7, and at the edge, qos%=2.8, the g=1,
located around s~0.64 (being s the poloidal radial like coordinate), the f=1.9, defined as
2uo<p>/By, being p the pressure averaged on the plasma volume and By the on axis magnetic
field, the pressure peaking approximately equal to 4. Studies with ideally conducting wall
placed at infinity as well as at finite distance have been considered. Moreover [ and safety
factor profiles have been varied to perform a sensitivity study. The analysis reveals, for the
reference scenario, an unstable internal kink (m,n)=(1,1), and infernal modes localized around
the low shear and high pressure gradient zone. No external modes were observed unless main

quantities, such as the safety factor or the  parameter, are strongly varied.

[1] R. Martone, R. Albanese, F. Crisanti, A. Pizzuto, P. Martin. “DTT Divertor Tokamak Test facility Interim
Design Report, ENEA (ISBN 978-88-8286-378-4), April 2019 ("Green Book")” https://www.dtt-
dms.enea.it/share/s/avvglhVQT2aSkSgV9vuEtw. [2] Casiraghi et al, Nucl.Fusion 61, 2021, 116068. [3] R.
Albanese et al., Fusion Engineering and Design 96-97 (2015) 664-667.[4] Cenacchi G. and Taroni A. 1988
ENEA-RT-TIB 88-5 ENEA. [5] H. Liitjens, et al., 97, Issue 3, 1996, Pages 219-260. [6] A. Bondeson, G. Vlad,
and H. Liitjens. Physics of Fluids, B4:1889-1900, 1992.
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MAST-U’s 1% experimental campaign demonstrated a reduced heat flux to divertor surfaces
by a factor of 10 [1]] due to the super-X divertor. There is a need to characterise the relationship
between alternate divertor geometries and the subsequent transport fluxes present in the Scrape-
Off Layer (SOL). It is known that turbulence plays a key role in the SOL. In recent years new
experimental techniques have been developed to better characterise the SOL, like fast sweeping
Ball-Pen probes to obtain T; measurements [2]]. This work presents a new Langmuir probe array
mounted on a reciprocating probe system specifically designed to measure properties of turbu-
lence in SOL of MAST-U. The new probe design includes: Two Ball-Pen probes (BPP) in close
proximity to regular probes allowing direct measurement of Ti, ®pj45mq. Er, and q; A 5-pin
balanced triple probe array[4], allowing real-time measurements of both T, and n, and, when
combined with poloidal electric field measurements from the BPP array, estimates of particle
and heat transport fluxes; Logarithmically spaced probes to increase scale resolution for the de-
tection of various turbulence modes and structures, and; An array consisting of three poloidally
spaced probes with one probe radially offset to estimate poloidal and radial velocity distribu-
tions for plasma filaments. Prior to operation, this versatile probe design has been validated
using a synthetic representation of the probe array in a variety of turbulence models, including
a 2D Hasegawa-Wakatani drift wave model, a 2D stochastic filament model and the STORM2D
interchange turbulence slab model in BOUT++. The simulation quantities taken at the probe
positions were converted into relevant probe signals using probe equations from [2, 3 |4]. This
paper will report on the results of this synthetic probe validation exercise, alongside plans for

initial testing and exploitation in the upcoming MAST-U 2" experimental campaign.
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Contemporary ultraintense, short-pulse laser systems provide extremely compact setups for
the production of high-flux neutron beams, such as required for nondestructive probing of dense
matter or research on neutron-induced damage in fusion devices. Here, by coupling particle-
in-cell and Monte Carlo numerical simulations, we examine possible strategies to optimize
neutron sources from ion-induced nuclear reactions using 1-PW, 20-fs-class laser systems such
as the recently commissioned Apollon laser [1]. To improve ion acceleration, the laser-irradiated
targets are chosen to be ultrathin solid foils, either standing alone or preceded by a near-critical-

density plasma to enhance the laser focusing.

We compare the performance of these single- n, [n.] (342.4 fs)
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through spallation in lead. Overall, we identify con- Figure 1: PIC simulation of proton accelera-

ditionally through (p,n) reactions in beryllium or

figurations that result in a neutron yield as high as fion in relativistic transparency regime.

25—, Considering a realistic

~ 10°nsr~! and an instantaneous neutron flux above 10> ncm™
repetition rate of one laser shot per minute, the corresponding time-averaged neutron flux is
predicted to reach record values of 7 x 10°n sr—!s~!, even with a simple thin foil as a primary
target. A further boost up to above 5 x 107 sr~!s™! is foreseen using double-layer targets with
a deuterated solid substrate. Our results draw a pathway for improvement at upcoming 10 PW

lasers in which case neutron generation will be more strongly dominated by spallation [2].
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Mono-charge super-heavy ion beams accelerated by a multi-PW laser
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Recent developments in short-pulse laser technology made it possible to generate
femtosecond pulses with multi-PW power and the intensity of a focused laser beam of
10?* W/cm?. Laser beams with such high powers and intensities can potentially accelerate ions
to multi-GeV energies, including super-heavy ions with mass numbers A >200 [1,2]. However,
the laser-driven heavy ion beams demonstrated in both numerical simulations [1-3] and
experiments [4,5] are multi-charge beams and contain a large number of ion species with
different charge states and energy spectra. Such multi-charge ion beams suffer from a number
of disadvantages that make their practical use difficult.

In this contribution, the acceleration of super-heavy ions from a 100-nm lead target
irradiated by a femtosecond laser pulse with an intensity in the range of ~ 10%* - 10** W/cm?
was investigated using an advanced 2D3V particle-in-cell code. It was found that by properly
selecting the laser pulse parameters, it is possible to produce a practically mono-charge Pb ion
beam with multi-GeV 1on energies and the laser-to-ions energy conversion efficiency
approaching 30%. At the laser intensity of 10> W/cm?, Pb ions with the charge state Z = 72
carry over 90% of the total energy of all ions, while the peak intensity and peak fluence of the
Pb*7? jon beam are at least two orders of magnitude higher than for other types of ions.

Moreover, the Pb*7?

ion beam is more compact and has a smaller angular divergence than those
for other types of ions. The intensity of the beam is much higher and its duration is much shorter
than that achieved in conventional accelerators.

The unique properties of mono-charge super-heavy ion beams demonstrated in our work,
create a prospect for the application of these beams in high energy-density physics and in new
areas of nuclear physics as well as in accelerator technology as an intense ion source for large

RF-driven heavy ion accelerators.
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Particle beams of high energy and spin-polarization are necessary for various experiments,
i.a. in order to test the Standard Model of particle physics. Over the last few years, several
setups for spin-polarized electron and proton beams from laser-plasma interaction have been
proposed [1]. In the case of protons, setups are limited to ones with gaseous targets, a solid-
state setups cannot be pre-polarized. In this talk, we present a mechanism based on magnetic
vortex acceleration (MVA), where the interaction of a single laser pulse with a plasma deliv-
ers high spin-polarization of the final beam [2]. In our new scheme, we consider two laser
pulses propagating in parallel, forming two separate plasma channels [3]. Besides the proton
filaments created in each channel, a third in the space between the pulses is formed. At the end
of the target, the strong azimuthal magnetic field inside the channels can expand in the direction
transverse to propagation. In turn, a displacement between electrons and protons arises, leading
to electric fields that collimate and accelerate the proton beam. Our particle-in-cell simulations
show that for a normalized laser vector potential of @y = 100 proton energies > 100 MeV can be
obtained. Compared to single-pulse MVA, our scheme exhibits better spin polarization (~ 80%)
of the final proton beam due to the different field structure over the course of the acceleration

process.
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We show in experiments that a long, relativistic p™ bunch is focused by the plasma adiabatic

response. The free plasma electrons migrate so as to neutralize the space-charge field of the

bunch [1], and the bunch is therefore focused by the azimuthal magnetic field generated by its

own current, that is not balanced by the radial electric field [2, 3, 4]. Since the length of the

bunch is much longer than the plasma electron wavelength, the bunch also undergoes the self-

modulation instability [5, 6]. Thus, the amplitude of the wakefields grows along the bunch and

along the plasma, and the defocusing effect of the self-modulation can become dominant over

the adiabatic focusing effect. We show that, when seeding the self-modulation with a preceding

e~ bunch [7], the transition between the effect of the adiabatic response and that of the self-

modulation depends on the amplitude of the seed wakefields.
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Narrow energy band bunches of ions were produced from the interaction of intense (>10%°
W/cm?), sub-picosecond-duration laser pulses with ultra-thin (15 nm) gold foils. These included

the bulk target species, in particular the Au ions which are accelerated with spectral peaks

centred at 1.5 GeV and with fluxes on the order of 1012 particles per steradian, far surpassing
Au ion fluxes reported by previous works by orders of magnitude [1,2]. 2D particle-in-cell
simulations show a complex interplay between different acceleration mechanisms at different
stages of interaction, suggesting the Au bunches stem from strong radiation pressure
acceleration on a heavy-ion dominant plasma in the moments just before transparency, followed
by an efficient acceleration due to transparency-enhanced mechanisms. We show that this effect
is scalable to future multi-PW systems, where Au ion bunches at energies of several GeV are

feasible.
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The interaction of high-intensity laser pulses with plasmas can be used to accelerate particles.
Among the many mechanisms proposed to achieve effective acceleration is direct laser accel-
eration (DLA). The main advantage of DLA compared to other mechanisms is its ability to
provide high charge (~ 100 nC) electron beams with a broad Maxwellian-like energy spectrum.

When an intense laser pulse propagates through an underdense plasma, it creates a plasma
channel that triggers betatron oscillations of electrons around its central axis. When conditions
are favorable, the resonance between betatron oscillations and oscillations in the field of the
laser pulse can lead to electron acceleration. The mechanism has been well-described for an
ideal case of a constant plasma density considering an immobile ion background. However, the
potential advantages of using plasmas with a varying density profile are still not well under-
stood.

In our work, we describe the most important differences between the regimes with constant
and varying density using quasi 3D geometry of particle-in-cell code OSIRIS. We show that
the density profile influences the self-focusing of the laser pulse which strongly impacts the
resulting interaction with the plasma electrons. Furthermore, we propose a way how to utilize

the varying density profile to maximize the electron beam energy and charge.
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Plasma-based acceleration for non-relativistic particles
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In these past years, the study of plasma-based accelerators has been of great interest as they
provide a route to more compact, ecological yet powerful accelerators. Currently established
acceleration methods, such as Laser Wake Field Acceleration [1] and Plasma Wake Field Ac-
celeration [2], are only applicable to particles whose velocities are close to the speed of light
(relativistic particles). Heavier particles, e.g. muons, are thus excluded from the acceleration
mechanism, because they are produced with non-relativistic velocities, even though these par-
ticles could particularly benefit from plasma acceleration since conventional acceleration tech-
niques are not fast enough to accelerate them before their decay [3]. State-of-the-art techniques
to sculpt the spatio-temporal spectrum of electromagnetic wave-packets leading to pulses with
arbitrary group velocities have been recently developed [4]. These pulses can drive superluminal
1onization fronts, and are promising drivers for plasma acceleration, being able for example to
circumvent dephasing. At the same time, they can propagate with a subluminal group velocity,
making them suitable candidates to drive acceleration wakes for heavier particles.

In this work, we propose a plasma-based acceleration technique for non-ultra-relativistic par-
ticles using pulses with non-relativistic group velocities, and discuss the role of the evolution
of these pulses in a plasma on the acceleration. We first investigated the acceleration using an
external field with a non-relativistic group velocity analytically and in 2D particle-in-cell simu-
lations using OSIRIS [5]. Subsequently, we investigated the evolution and wakefield properties
using optical space-time wave-packet drivers, traveling with group velocities smaller than the
speed of light. We have found that these pulses are able to drive plasma wakes that travel slower
than the speed of light. However, they are prone to plasma instabilities, e.g. Raman scattering.

We discuss the onset and potential mitigation strategies for these instabilities.
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PIC Simulations of the Interaction between Self-Modulation in the Front
and Rear of an ultra-relativistic Proton Bunch in Plasma

P. I. Morales Guzman!, P. Muggli'
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An ultra-relativistic long proton bunch propagating in plasma can undergo self-modulation
(SM) [1], which transforms it into a train of microbunches that resonantly drive wakefields [2].
These wakefields can be used to accelerate particle bunches to high energies [3]. To produce
accelerated bunches with reproducible properties, the SM must be seeded [4], so that its phase
and amplitude can be repeated event by event. When there is more than one seed, two SM
processes could develop simultaneously and interact. This is particularly interesting for the
future of the Advanced Wakefield Acceleration Experiment (AWAKE) [5].

We present here a numerical study using particle-in-cell simulations with parameters similar
to those in the experiment. To create two seeds at different positions, we first place a density cut
at the bunch front. Second, we change the density of the bunch front, creating two sharp density
steps along the bunch. We show that the phase of the wakefields at the bunch rear follows that
of one seed or of the other, depending on the amplitude and growth rate of the wakefields driven
by the bunch front, which depend on its density. We also show that at the transition between
following one seed or the other, the phase of the wakefields from the front has a significant

effect on the microbunches in the rear.
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Control of the self-modulation and long-bunch hosing instabilities through
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The success of plasma-based acceleration schemes often relies on the ability to manipulate
complex beam-plasma interactions. In one of these concepts — the single-stage plasma wake-
field accelerator driven by a long, highly energetic particle bunch [1] — the key interactions
are two modes (symmetric and asymmetric) of the transverse two-stream instability called self-
modulation and hosing, respectively. The self-modulation instability (SMI) [2, 3] can be har-
nessed to produce high-amplitude wakefields from a very long driver (compared to the plasma
skin depth klj]), but the fields tend to decay quickly after the instability has saturated. The
hosing instability (HI) [4] is undesirable due to its potential disruption of the bunch, and we
therefore need ways to mitigate it [5, 6].

During their growth phase, both of these instabilities can be understood as driven harmonic
oscillators. In this work we show that it is possible to control their growth rates if the plasma
oscillation responding to either the beam radius (SMI) or centroid (HI) perturbation is detuned
early enough. The detuning can be achieved by varying the background plasma density, as we
demonstrate with particle-in-cell simulations. Using plasma density steps [7], we apply this
idea to mitigating the HI and optimizing the amplitude decay of the SMI after saturation. This
novel approach to controlling the growth of beam-plasma instabilities could have important

implications for plasma-based accelerators.

References
[1] E. Adli, et al. (the AWAKE collaboration), Nature 561, 363-367 (2018)
[2] N. Kumar, A. Pukhov, and K. V. Lotov, Phys. Rev. Lett. 104, 255003 (2010)
[3] C. B. Schroeder, C. Benedetti, E. Esarey, F. J. Griiner, and W. P. Leemans, Phys. Rev. Lett. 107, 145002
(2011)
[4] C.B. Schroeder, C. Benedetti, E. Esarey, F. J. Griiner, and W. P. Leemans, Phys. Rev. E 86, 026402 (2012)
[5] J. Vieira, W. B. Mori, and P. Muggli, Phys. Rev. Lett. 112, 205001 (2014)
[6] R. Lehe, C. B. Schroeder, J.-L. Vay, E. Esarey, and W. P. Leemans, Phys. Rev. Lett. 119, 244801 (2017)
[71 K. V. Lotov, Phys. Plasmas 18, 024501 (2011)



Analysis of electron bunch energy spectra after meter scale over-dense
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The proton driven plasma wakefield acceleration experiment at CERN uses the self-modulatio
n mechanism of a long proton bunch in an over-dense plasma. In order to seed the modulation
and control its phase, the use of a short and low energy electron bunch which precedes the lon
g proton bunch in the plasma to seed self-modulation has been studied experimentally. Both el
ectron and proton bunch densities are much lower than the ambient plasma density. Particle-in
-cell simulations are used to reverse-engineer the process. The electron bunch loses a significa
nt fraction of its energy driving seed wakefields. As a result, electrons can be lost along the pl
asma and along transport through the energy spectrometer and the electron bunch parameters s
trongly evolve along the plasma. In both experimental and simulation results, we found that th
e larger charge of electron bunch leads to the more energy loss of bunch particles, which impli
es the larger amplitude of the seed wakefield. We compare simulation and experimental result

s for the electron bunch energy spectrum after 10 m of plasma.



Study of radio frequency breakdown in a device with movable electrodes
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Radio frequency (RF) capacitively coupled plasmas represent an important part of the plas-
mas used in the laboratory for applications and basic studies. The issues of how breakdown of
such plasmas takes place and of the related Paschen-like curves are of clear interest. Several au-
thors have experimentally found that breakdown voltage curves as a function of pressure display
a minimum, as in the DC case, and that on the low-pressure side of this minimum a multi-valued
region occurs [1]. This has been associated to a transition from the 7y regime, where secondary
electron emission from the electrode plays an important role, to the & regime, where new elec-
trons are originated only by ionization taking place in the bulk [2]. Beyond this dependence, the
transition is also function of the electrode distance.

In this contribution we have studied Paschen-like
curves for breakdown between plane parallel elec-
trodes as a function of the gas pressure p and of
the electrode distance d, for different RF frequen-
cies (an example of the plasma produced in the de-
vice is shown in Fig. 1). This has allowed to build

Paschen-like curves and to compare them with the

Kihara equation [3, 4] and with the criterion pro-

posed by Sato and Shoji [5]. The experimental data

Figure 1: Example of helium plasma pro-

and the similarities and discrepancies with the the-

) ) . duced between the electrodes, after break-
oretical curves have been discussed also in terms of p
OWn.
the transition between ¥ and & modes, which turns

out to be related both to the electrode distance and to the applied voltage frequency. The study

has been performed for both helium and argon gases.
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Fluid modelling of the weakly magnetized plasma column MISTRAL
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Cross-field configurations are used in a variety of applications, including ions sources and Hall
thrusters for satellites, magnetron discharges, Penning gauges and fusion plasmas.
Understanding and ultimately controlling anomalous transport is a crucial issue for these
applications.

MISTRAL is a linear magnetized plasma column based at the PIIM laboratory used to
study ExB plasmas with magnetized electrons and weakly or not magnetized ions. MISTRAL
is a versatile device in which the following typical plasma parameters can be achieved: plasma
length (L) = Im, plasma diameter = 8 cm, column radius (a) = 10 cm, Te = 1-6 eV, ne = 10 -
10" m3, B = 10-30 mT, P = 10%-102 Pa, Gas: H, He, Ar, Kr, Xe. The MISTRAL plasma has
been characterized experimentally [1] with several diagnostics (Langmuir probe, fast camera,
emission spectroscopy). Coherent structures rotating in the azimuthal direction have been
observed in MISTRAL rotating at a frequency comparable to the ExB rotation frequency with
azimuthal wave number m = 1, 2. Simon-Hoh type of instabilities [3,4] are one of the candidates
to explain the coherent rotating structures observed in MISTRAL, with a complete theoretical
picture remaining to be developed.

Our goal is to complete the characterisation of the observed instabilities along with the

theoretical modeling in order to understand the origin of coherent structures in MISTRAL. The
spatio-temporal acquisitions of plasma parameters (ne, Te, Vplasma, Vfloat) have been performed

with the help of Langmuir probes for Ar and Xe plasma along with fast camera acquisitions.
The linear stability of MISTRAL plasma has been explored with the two-species fluid model
developed in [5] showing that these plasmas are prone to the centrifugal instability. Extensions
of the fluid model to include ion-neutral friction and relax the small Larmor radius ordering are
presently in progress.
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Experimental evidence of TIAGO torch dart at atmospheric pressure to be a

Surface Wave Discharge.

F. J. Morales-Calero', R. Rincén!, J. Mufioz!, M.D. Calzada'
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Surface Wave Discharges (SWD) are characterized by an increase of its length with the power
supplied, the existence of a radiative zone and a sharp and linear decrease of electron density

along the discharge whose slope does not vary with applied power [1]. TIAGO (Torche a

Injection Axiale sur Guide d’Ondes) torch [2]
creates a plasma that shows two different
luminous regions: a bright plasma column
(dart) and a tenuous shell (plume). It has been
suggested [1] that this dart is a SWD, with the
surrounding air acting as a virtual dielectric
cylinder for the propagation of the
electromagnetic surface wave [1,2]. However,
this has still not been experimentally proven.
In this work, the dart and the plume generated
by the TIAGO device have been studied by

optical emission spectroscopy. The discharge
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Figure 1: Axial distribution of the electron density
in the TIAGO torch exhibiting a typical SWD
behavior. The origin of the coordinates system has
been placed at the end of the dart, taking positive
sense towards the nozzle.

i1s demonstrated to be a SWD by the analysis of the axial distribution of electron density

(Figure 1). Secondly, a radiative zone has been identified, which is further evidence that the

dart from TIAGO plasma is a SWD. In addition, it has been found the plume to behave as a

postdischarge, similar to that formed at the end of discharges containing nitrogen [3].
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Importance of Electron drag force in EUV induced pulsed plasma
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To continue with Moore’s law in semiconductor technology with shrinking transistor sizes,
the EUV lithography has been introduced which uses highly energetic photons (energy ~ 92
eV). One of the unavoidable side effect of this development is the generation of EUV induced
plasma due to the interaction of such highly energetic EUV photons with the low pressure (1-10
Pa) background hydrogen gas in scanner. Extreme ultraviolet (EUV) induced pulsed plasma is
unique due to its transient characteristics: the plasma switches between non-thermal state (when
EUV power is ON at the beginning of the pulse for ~ few 100’s ns) and thermal state (end of
the pulse at ~ few 10’s us). It is shown that although electron drag force acting on nm-fm size
partilces is negligible compared to ion drag force at the beginning of the pulse, however it can

be dominant at the end of the pulse and can play important role in particle transport.
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Figure 1: Force balance plots: (a) beginning of pulse and (b) end of pulse
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PIC simulations and reduced model of confined ionising electron clouds
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Nonneutral plasmas are of broad interest for antimatter physics, particle accelerators and
high power microwave sources such as gyrotrons. Indeed, the study of charged particle confine-
ment is crucial for developing long-term antimatter storage (Penning traps) or to avoid arcing
and improve the overall efficiency of particle accelerators and microwave sources. In gyrotrons
specifically, operation has been seen to be limited by the presence of localized trapped electrons
(i.e. not belonging to the main electron beam) in the gyrotron gun region [1]. Such trapped
electrons can ionise the residual neutral gas present in the vacuum vessel which can lead to
arcing and preventing the electron gun from operating at nominal electron acceleration voltage
[2]. The trapping of particles is the consequence of crossed electric and magnetic fields and has
some analogies to a Penning trap.

We present an exhaustive numerical study that characterizes trapped electron clouds in a
magnetron injection gun with different magnetic field amplitudes, electrode shapes and biases,
residual gas compositions and pressures. The electron cloud shape and maximum density, as
well as the evolution of the self-consistent trapping potential well are obtained by using a 2D
axisymmetric electrostatic particle-in-cell code with Dirichlet boundary conditions on elliptic
boundaries, where realistic electron gun geometries and their non-trivial electromagnetic field
topologies can be simulated. The self-consistent electron cloud build-up is simulated by con-
sidering electron-neutral collisions and the resulting ionisation using a Monte Carlo approach
[3]. A reduced analytical model describing the electron cloud equilibria is then presented that
explains the parametric dependences obtained from the simulations and provides insight into
the control parameters that can be used to simplify the design and remove operation limitations

of gyrotrons gun assemblies.
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Models for modulated rotation of a Penning-trapped magnetized electron
vortex in a variable-charge regime
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We routinely confine and study electron plasmas in a Penning-Malmberg trap generated by
means of a quite unconventional production scheme, i.e. using a low-amplitude radio-frequency
(RF) drive on one of the trap electrodes [1, 2]. This weak RF drive can effectively heat up the
few free electrons in the residual gas - at pressures in the high to ultra-high vacuum regime -
and initiate a discharge and accumulation of an electron plasma. Interesting stationary states are
reached within some seconds. A peculiar example is the creation of a single column (vortex) of
electrons displaying a radial displacement with respect to the longitudinal symmetry axis and
thus rotating around it. Total charge and density profile show very robust stability to perturba-
tions and usual instabilities, e.g., ion-induced instability and the relevant loss of confinement,
as long as the ionizing drive is maintained. Even more peculiar is the occurrence of stable low-
frequency (~ 1 Hz) oscillations of both charge and radial offset in these rotating vortices [3, 4].
In this contribution, we discuss the interpretation of these oscillations. We start from a sim-
ple predator-prey scheme for the electron charge and displacement, where we plug in realistic
parameters extracted from experiments, and address the complicated roles of the ionizing RF
drive and of the other species present in the trap during the formation process. We notice that
an oscillating behaviour of the system variables is observed in a number of other multispecies
plasma environments, such as the breathing oscillations seen in Hall thrusters. We show that,
although the complete dynamics is highly complicated and spans a range of time scales from
microseconds to seconds, we can reproduce to a quantitative level the main features observed

in the experiments.
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Gamma-ray flaresfrom magnetic reconnection in relativistically
magnetized plasmas. minijetsvs. plasmoids
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The main cosmic sources of high-energy (HE; GeV-scade) gammaray radiation are
(1) blazars, the most luminous class of active galactic nuclei (AGN), the broad-band emission
of which is produced in powerful narrowly collimated jets attaining relativistic bulk speeds
and anchored at supermassive black holes; (2) pulsars (rotating neutron stars with strong
magnetic fields) and associated wind nebulae (PWN). These sources are also characterized
by strong time variability, with rapid gammaray flares posing a particular theoretical
challenge. A common feature of these gamma-ray emitters is relativistically magnetized
collisonless plasma. Efficient gammaray emission requires an efficient mechanism
of energy dissipation and non-thermal particle acceleration, and relativistic magnetic
reconnection is a primary candidate. To explain the production of rapid gamma-ray flares,
two aspects of magnetic reconnection received particular attention: outflows from
the magnetic diffusion regions attaining relativistic bulk velocities — so-called minijets,
and plasmoids (flux ropes) resulting from the tearing instability. The relative importance
of minijets and plasmoids is investigated [1] by means of particle-in-cell (PIC) numerical
simulations of antiparallel magnetic fields in relativisticaly magnetized plasma
The algorithm includes radiative cooling due to synchrotron process, and radiative signatures
in the form of observer-dependent light curves are calculated. It is demonstrated that minijets
and plasmoids co-exist in the same reconnection layer. While minijets can accelerate
particles to higher energies, plasmoids dominate the radiative output due to higher particle
density. Hierarchical tail-on plasmoid mergers (smaller and faster plasmoids capturing larger
plasmoids) can explain the production of rapid gamma-ray flares.

[1] J. Ortufo-Macias & K. Naewako , Radiative kinetic simulations of steady-state relativistic plasmoid
magnetic reconnection”, 2020, MNRAS, 497, 1365, arXiv:1911.06830



Atomic calculations in moderately charged lanthanide ions (from La to Pm)

relevant for plasma opacity studies in the context of kilonovae
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On August 17, 2017, the LIGO-VIRGO collaboration observed gravitational waves from a
neutron star merger for the first time [1]. In this coalescence, hot and radioactive matter is
ejected causing a very luminous explosion called kilonova. In this latter, they are nuclear
reactions forming heavy elements such as lanthanides (Z = 57 — 71). They play an important
role because, given their rich spectra, they contribute intensely to the opacity affecting
radiation emission [2]. To interpret the spectrum of a kilonova, it is crucial to precisely know
the atomic data characterizing these elements. Some studies determined these parameters but
only for the first degrees of ionisation (up to 3+). Unfortunately, there is almost no data
available for ions higher than 3+. Therefore, our project aims to make a significant
contribution in this field as it consists of a detailed study of the radiative processes
characterizing moderately charged lanthanide ions (from 4+ to 9+) and to deduce the
corresponding astrophysical opacities. Our calculations are based on a multi-platform
approach involving different independent theoretical methods, namely the pseudo-relativistic
Hartree-Fock (HFR) [3,4], the fully relativistic Multi-Configuration Dirac-Hartree-Fock
(MCDHF) [5-8] and Configuration Interaction Many-Body Perturbation Theory (CI+MBPT)
[9,10] methods. In the absence of sufficient experimental data, this approach is the only way
to estimate the accuracy of the results obtained through systematic comparisons between
distinct computational procedures. In the present contribution, we report the results obtained
as regards the atomic structures and radiative parameters in moderately lanthanide ions (La to
Pm) and the corresponding monochromatic opacities for application to early phases of

kilonovae emission spectra observed following neutron star mergers.
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