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Influential themed journal issues on topical subjects across the physical,
mathematical and engineering sciences
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Philosophical Transactions A
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Christopher P Ridgers, Kate L Lancaster, Mark
Koepke and George Tynan
Directions in particle beam-driven plasma wakefield
acceleration, edited by Bernhard Hidding, Mark
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Brian Foster

“Guest editing for Philosophical
Transactions A was one of my best
editorial experiences ever”
Professor Gennady Mishuris, Aberystwyth
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Session 1
(INVITED) Ion cyclotron emission from energetic ion populations in fusion plasmas
Ben Chapman
UKAEA, UK
In this talk I present particle in cell (PIC) simulations of ion cyclotron emission (ICE). ICE comprises
suprathermal radiation in the ion cyclotron frequency range, whose spectrum peaks at successive local
cyclotron harmonics of the emitting energetic ion population. ICE is caused by a collective instability, which
in its linear phase corresponds to the magnetoacoustic cyclotron instability (MCI). ICE has previously been
observed in all large toroidal magnetically-confined fusion (MCF) plasmas [1, 2]. The passive, non-invasive
character of ICE measurements, suggests that it is an attractive way forward for future energetic ion
measurements in ITER. In the simulations presented here, we use the EPOCH [3] particle-in-cell code to
solve the self-consistent Maxwell-Lorentz system of equations for fully kinetic electrons and thermal
background ions, together with the minority energetic ion distribution that drives the primary ICE. We first
perform a detailed quantitative comparison between fusion born proton driven chirping ICE observed during
edge localised modes (ELM) crashes in the KSTAR tokamak and fully nonlinear direct numerical simulations
of the MCI [4]. We find good quantitative agreement between the simulated and observed spectra, to the
extent that the simulations can be used to infer fast (∼μs) time scale μs) time scale s) time scale dynamics
of the local electron number density in the emitting region. We then extend this study to determine the origin
of a faint, time delayed proton chirping feature observed in one of the KSTAR plasma pulses [5]. We do this
using bicoherence analysis of both experimental and simulation data.
We then run MCI PIC simulations of the pre ELM crash “steady state” ICE observed on KSTAR, which is
believed to be driven by neutral beam injected (NBI) deuterons [6]. PIC simulations of MCI excited ICE in the
JET and ASDEX Upgrade (AUG) tokamaks are then discussed, and we show that AUG observations of the
fundamental ICE harmonic can only be explained in terms of the MCI if nonlinear wave-wave interactions
between higher harmonics are taken into account [7].
Motivated by recent observations of ICE in the core region of several tokamaks, including AUG and DIII-D, we
then compare MCI simulations using two types of energetic ion distribution function, a spherical shell of
varying thickness, and a ring beam of varying width [8]. It is found that both distribution functions lead to
MCI excited waves, and their nonlinear properties are discussed.
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]

R. O. Dendy et al., Plasma Phys. Control. Fusion 57, 044002 (2015)
K. G. McClements et al., Nucl. Fusion 55, 043013 (2015)
T. D. Arber et al., Plasma Phys. Control. Fusion 57, 113001 (2015)
B. Chapman et al., Nucl. Fusion 57, 124004 (2017)
B. Chapman et al., Nucl. Fusion 58, 096027 (2018)
B. Chapman et al., Nucl. Fusion 59, 106021 (2019)
B. Chapman et al., Plasma Phys. Control. Fusion 62, 055003 (2020)
B. Chapman et al., Plasma Phys. Control. Fusion 62, 095022 (2020)
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Transport effects in burning ICF and MIF plasmas
Brian Appelbe, Aidan Crilly, Sam O'Neill, Chris Walsh, and Jeremy Chittenden
Imperial College London, UK
High energy gain in Inertial Confinement Fusion (ICF) and Magneto-Inertial Fusion (MIF) requires the
propagation of a burn wave from hot plasma into a cold, dense fuel layer. The speed and efficiency of this
propagation determines the energy gain that can be achieved. Burn wave propagation involves the transport
of energy in the forms of radiation, thermal conduction and energetic alpha particles. This work involves a
theoretical and computational study of the physical processes occurring in burn wave propagation and the
factors which determine the speed of propagation. There is a particular focus on identifying microphysical
processes which could affect macroscopic burn models.
It is shown that the flux of alpha particles accompanying burn can perturb the electron distribution function
from Maxwellian. A Vlasov-Fokker-Planck model is used to quantify the perturbation and a set of electron
transport equations (a heat flow & Ohm’s law equation) incorporating this effect is derived. These transport
equations are included in an MHD model of a burning plasma. It is found that the flux of alpha particles can
cause significant transport of magnetic field in a burning plasma. It is shown that this could result in the
magnetic fields which are self-generated by instabilities in ICF implosions forming an insulating layer
between the hot and cold fuel. This reduces the rate of burn propagation into the cold fuel.
Applying unsupervised learning and outlier detection methods to characterise magnetotail plasma sheet
electrons and instabilities
Mayur Bakrania1, Iain Jonathan Rae2, Andrew Walsh3, Daniel Verscharen1, and Andy Smith1
1

University College London, UK, 2University of Northumbria, UK, 3European Space Astronomy Centre, Spain

Collisionless space plasma environments are typically characterized by distinct particle populations.
Although moments of their velocity distribution functions help in distinguishing different plasma regimes, the
distribution functions themselves provide more comprehensive information about the plasma state,
especially at times when the distribution function includes non-thermal effects. Unlike moments, however,
distribution functions are not easily characterized by a small number of parameters, making their
classification more difficult to achieve. In order to perform this classification, we propose to distinguish
between the different plasma regions by applying dimensionality reduction and clustering methods to
electron distributions in pitch angle and energy space. We utilize four separate algorithms to achieve our
plasma classifications: autoencoders, principal component analysis, mean shift, and agglomerative
clustering.
We test our classification algorithms by applying our scheme to data from the Cluster-Plasma Electron and
Current Experiment instrument measured in the Earth’s magnetotail. Traditionally, it is thought that the
Earth’s magnetotail is split into three different regions (the plasma sheet, the plasma sheet boundary layer,
and the lobes), that are primarily defined by their plasma characteristics. We identify eight distinct groups of
distributions, that are dependent upon significantly more complex plasma and field dynamics. The
automated classification of different regions in space plasma environments provides a useful tool to identify
the physical processes governing plasma processes in both space and laboratory plasmas.
Using outlier detection methods, we identify anomalous distributions during conditions that are consistent
with simulations of the tearing mode instability. We explore the energy and temperature profiles during these
times, while relating them to substorm phase and observations of magnetic reconnection.

47th IOP Plasma Physics
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[1]

M. R. Bakrania, Rae I. J., Walsh A. P., Verscharen D. and Smith A. W. (2020). Using Dimensionality
Reduction and Clustering Techniques to Classify Space Plasma Regimes. Front. Astron. Space
Sci. 7:593516. https://doi.org/10.3389/fspas.2020.593516

Session 2
Investigation of transient plasma photonic structures to control the optical characteristics of ultra-intense
laser beams
George Holt1, Gregory Vieux1, Antoine Maitrallain1, Mohammed Shahzad1, Andrzej Kornaszewski1, Santhosh
Krishnamurthy2, João Dias3, Bernhard Ersfeld1, James Feehan1, Samuel Yoffe1, and Dino Jaroszynski1
1

SUPA and University of Strathclyde, UK, 2Indian Institute of Technology Hyderabad, India, 3GoLP and
Instituto de Plasma e Fusão Nuclear, Portugal
Transient plasma photonic structures (TPPSs) have several proposed and demonstrated uses, including short
pulse laser amplifiers [1, 2], plasma optics [3], holography [4] and X-ray pulse compression [5]. A TPPS
may be produced by two moderately intense (~1015 W/cm2) laser pulses (pump pulses) counterpropagating
in a plasma [3, 6]. The pump pulse beat causes electrons to bunch in the ponderomotive troughs, resulting
in large space-charge fields that drive ions to match the electron grating structure. The periodicity of the
density modulations is half of the pump laser wavelength, giving the structure optical properties similar to a
photonic crystal. With careful selection of plasma and pump pulse parameters, a TPPS may be formed that
exhibits a wide, polarisation-dependent photonic band gap [7], which can be used to develop plasma-based
optical elements whose damage threshold is of the order 103 J cm-2 [8] – several orders of magnitude above
that of solid-state optics. This could provide a technological breakthrough for the control and manipulation of
high-intensity, ultrashort laser pulses, with the development of plasma-based optical elements such as
mirrors, waveplates and polarisers. Here we report on recent experimental results from a campaign
investigating the use of TPPSs as a waveplate for short (~100 fs) laser pulses in underdense plasma and
associated large-scale particle-in-cell simulations.
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]

Weber, S., et al. Amplification of ultrashort laser pulses by Brillouin backscattering in plasmas.
Phys. Rev. Lett. 111, 055004 (2013).
Malkin, V. M., et al. Fast compression of laser beams to highly overcritical powers. Phys. Rev. Lett.
82, 4448-4451 (1999).
Lehmann, G. & Spatschek, K. H. Transient plasma photonic crystals for high-power lasers. Phys.
Rev. Lett. 116, 225002 (2016).
Dodin, I. Y. & Fisch, N. J. Storing, retrieving, and processing optical information by Raman
backscattering in plasmas. Phys. Rev. Lett. 88, 165001 (2002).
Chen, K. R. & Dawson, J. M. Ion-ripple laser. Phys. Rev. Lett. 68, 29-32 (1992).
Sheng, Z.-M., et al. Plasma density gratings induced by intersecting laser pulses in underdense
plasmas. Appl. Phys. B 77, 673-680 (2003).
Lehmann, G. & Spatschek, K. H. Plasma-based polarizer and waveplate at large laser intensity.
Phys. Rev. E 97, 063201 (2018).
Wu, H.-C., et al. Chirped pulse compression in nonuniform plasma Bragg gratings. Appl. Phys. Lett.
87, 417-421 (2005).
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Structure and dynamics of differentially rotating plasmas in the laboratory
Vicente Valenzuela-Villaseca1, Sergey V. Lebedev1, Francisco Suzuki-Vidal1, Lee G. Suttle1, Jack W. D.
Halliday1, Jeremy P. Chittenden1, Danny R. Russell1, Stefano Merlini1, Eleanor R. Tubman1, Jack D. Hare1,
and Mark E. Koepke2
1

Imperial College London, UK, 2West Virginia University, USA

We present experiments on pulsed-power driven rotating plasmas with applications to astrophysical accretion
disks and jets [1, 2]. The experiments are conducted on the MAGPIE generator (1 MA, 500 ns duration), which
drives the oblique convergence of 8 individual plasma jets producing a hollow-like, rotating plasma column.
The set-up also drives a highly collimated jet propagating axially from the rotating plasma column, similar to
the jets accelerated from accretion disks in astrophysical environments.
The formation and the temporal evolution of the axial outflow are observed using both optical and extreme
ultraviolet (XUV) self-emission imaging diagnostics, whilst laser interferometry provides measurements of the
density depletion at the outflow axis. Optical Thomson scattering measurements show that the outflow is
differentially rotating with a maximum rotation velocity of 20 km/s, with a velocity distribution consistent with
a quasi-Keplerian flow. The measured electron and ion temperatures and electron temperature ∼ 30 eV
and ∼ 50 eV, from which the laboratory plasma can be inferred to lie in the low-magnetic-Prandtl-number
regime Pm ∼ 10^−3, comparable to the regime associated with protostellar accretion disks.
[1]
[2]

Ryutov, Astroph. Space Sci. 336, 21 (2011)
Bocchi et al., ApJ 767, 84 (2013).

Uncertainty in computed electron transport coefficients
Rhys Doyle, and Miles Turner
Dublin City University, Ireland
Calculation of electron transport parameters from cross section data is central to most approaches to lowtemperature plasma modelling. These calculations depend on knowledge of electron-neutral scattering cross
sections, which are typically determined by experiments. Such experiments always deliver uncertain results,
and this uncertainty necessarily influences any computed transport parameters. A global interest in
uncertainty quantification requires that we understand the relationship between uncertainty in cross sections
and uncertainty in transport parameters. In this work, we quantify the influence of this uncertainty on
computed transport parameters. In general, the uncertainty in any particular transport parameter is a
function of the uncertainty in every relevant cross section, but the nature of this relationship is non-obvious.
We here employ a screening procedure (the Morris Method) to associate the uncertainty in several particular
transport parameters (mobility, diffusion coefficient, certain rate constants) with the uncertainty in cross
section data, for the particular cases of helium and nitrogen.
*Science Foundation Ireland IA/16/4628
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A Numerical model for laser plasma instabilities
Arun Nutter1, Robbie Scott2, and Nigel Woolsey1
1

University of York, UK, 2STFC, UK

Laser driven inertial fusion is an exciting approach to fusion power that uses lasers to compress millimetre
scale capsules of deuterium-tritium fuel. This approach requires driving compression to high densities that
exceed 100 g/cm and at temperatures of 5 keV. These conditions are necessary to initiate a thermonuclear
burn throughout the fuel. Direct drive inertial fusion requires the use of lasers at high intensity over pulse
durations of order 10 ns, creating conditions that are favourable for laser plasma instabilities. These are a
class of instability that are detrimental to implosion efficiency as they scatter laser light away from the
target, absorb laser energy via undesirable mechanisms and accelerate electrons to high energy. I am
creating a computational model that simulates the growth of these instabilities along the path of a laser in a
plasma. The aim is to allow for more accurate design of future inertial fusion experiments using an approach
that is computationally efficient. In this talk I will present the current state of the model for the three primary
laser plasma instabilities: stimulated Raman scattering, stimulated Brillouin scattering and two plasmon
decay.

Session 3
(INVITED) Pulsed power-driven magnetic reconnection experiments
Sergey Lebedev
Imperial College London, UK
Magnetic reconnection is an important process occurring in various plasma environments, including high
energy density plasmas. In this talk we will present results from a recently developed magnetic reconnection
platform driven by the MAGPIE pulsed power generator (1.4 MA, 250 ns) at Imperial College London [1-4].
In these experiments, supersonic, sub- or super-Alfvenic plasma flows [5] collide, bringing anti-parallel
magnetic fields into contact and producing a well-defined, elongated reconnection layer. This layer is longlasting (>200 ns, > 10 hydrodynamic flow times) and is diagnosed using a suite of high resolution, spatially
and temporally resolved diagnostics which include laser interferometry, Thomson scattering and Faraday
rotation imaging [6]. Different regimes of reconnection can be accessed by changing the plasma material
(carbon or aluminium), which allows to vary the plasma electron temperature and the Lundquist number. We
observe significant heating of the electrons and ions inside the reconnection layer, and calculate that the
heating must occur on time-scales far faster than can be explained by classical mechanisms. Possible
anomalous mechanisms include in-plane electric fields caused by two-fluid effects, and enhanced resistivity
and viscosity caused by kinetic turbulence. In the case of reconnection in carbon plasma [2,4], we observe
the repeated formation of plasmoids in the reconnection layer, which are ejected outwards along the layer at
super-Alfvenic velocities. The O-point magnetic field structure of these plasmoids is determined using in situ
magnetic probes, and these plasmoids could also play a role in the anomalous heating of the electrons and
ions.
[1]
[2]
[3]
[4]
[5]
[6]

G. Suttle, J.D. Hare, S.V. Lebedev et al., Phys. Rev. Letters, 116, 225001 (2016).
D. Hare, L.G. Suttle, S.V. Lebedev et al., Phys. Rev. Letters, 118, 085001 (2017)
G. Suttle, J.D. Hare, S.V. Lebedev et al., Physics of Plasmas, 25, 042108 (2018).
D. Hare, L.G. Suttle, S.V. Lebedev et al., Physics of Plasmas, 25, 055703 (2018)
G. Suttle, G.C. Burdiak, C.L. Cheung et al., Plasma Phys. Control. Fusion, 62, 014020 (2020).
F. Swadling, S.V. Lebedev, G.N. Hall et al., Rev. Sci. Instrum. 85, 11E502 (2014).

47th IOP Plasma Physics
Conference
Direct Laser Acceleration : The Net Energy Gain Problem
Alex Robinson
Central Laser Facility, UK
Direct Laser Acceleration (DLA) is a mechanism, or class of mechanisms, in laser-plasma interactions where
the production of energetic electrons is attributed to their simultaneous interaction with the laser field and
with another EM field (such as one that emerges self-consistently due to the laser driving charge separation
in the plasma). Unlike wakefield acceleration, where the aim is to produce something analogous to a
conventional accelerator, the main interest in DLA is to exploit it in interactions involving relatively dense
targets where the generation of copious numbers of fast electrons is sought, and where there is no particular
interest in controlling the energy spectrum.
The study of any acceleration mechanism that utilizes an EM fields needs to pay close attention to how
dynamical adiabaticity is broken (i.e. how net energy gain is achieved), and DLA is no exception. Not only
does this need to be achieved, but the net gain has to be significant. Although numerical simulations
indicate (?) that DLA is a significant mechanism, the theoretical understanding of how net energy gain
occurs is not well developed.
In this talk we will discuss the author's contributions to this problem, including : basic conceptual solutions,
the role of the laser fields beyond the plane-wave approximation, and the potential for externally applied
magnetic fields. The last of these is a topic that synergizes very well with the recent rapid experimental
advances in laser-driven 'capacitor-coil' targets. Both the 'optical engineering' and 'external magnetic
fields' approaches have certain strengths, but also pit-falls.
[1]
[2]
[3]
[4]
[5]

A.P.L.Robinson, A.V.Arefiev, and D.Neely, Phys.Rev.Lett., 111, 065002 (2013)
A.P.L.Robinson, A.V.Arefiev, V.N.Khudik, Phys.Plasmas, 22, 083114 (2015)
A.P.L.Robinson and A.V.Arefiev, Phys.Plasmas, 24, 023101 (2017)
A.P.L. Robinson and A.V.Arefiev, Phys.Plasmas, 25, 053107 (2018)
A.P.L. Robinson, K. Tangtartharkul, K.Weichman, A.V. Arefiev, Phys.Plasmas, 26, (2019)

Spectral wavelet analysis of ELM-precursors in MAST
David Cambon-Silva1, Anthony Field2, Fulvio Militello2, Paul Bryant1, Kirsty McKay1, and James Bradley1
1
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ELMs are quasi-periodic relaxation events ejecting bursts of plasma from the edge to the walls and represent
a major challenge for future fusion devices. Our analysis focuses on ELM-precursors in MAST discharges from
2011 - 2013 campaigns. Data from two different diagnostics are compared: the Beam Emission Spectroscopy
(BES) able to observe pedestal fluctuations from collecting Dα active emission by means of neutral beam
injection [1]; and the Elzar code as a tomographic inversion technique used for the detection of structures
from passive line integrated light of fast camera frames [2]. Preliminar results show that precursors are
characterised by a frequency of 〜 20 kHz and are localized in the pedestal region with radial lengths of 〜 2
cm. The continuous wavelet transform [3, 4] is a potential tool for analysing non-stationary short period
oscillations common to fast transient structures. Wavelet cross spectra analysis from Elzar and BES data
returns toroidal and poloidal mode numbers of n 〜 1 - 14 and m 〜 45 - 75 comparable to previous MAST
measurements [5] and in agreement with theoretical models that relate ELM-precursors to the peelingballooning instability [6]. BES bispectrum analysis averaging before an ELM shows that nonlinear coupling
occurs for low frequencies of ≤ 6 kHz, plus a generation of harmonics for (f1, f2) 〜 (15, 15) kHz and 〜 (20,
20) kHz above the background level according to the bicoherence spectrum.
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Field A. R. et al. 2012 Rev. Sci. Instrum. 83 013508
Farley T. et al. 2019 Rev. Sci. Instrum. 90, 093502
F. M. Poli et al. 2008 Plasma Phys. Control. Fusion 50 095009
P. Manz et al. 2014 Plasma Phys. Control. Fusion 56 035010
A. Kirk et al. 2014 Nucl. Fusion 54 114012
P. B. Snyder et al. 2002 Phys. Plasmas 9, 2037
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(INVITED) Delivery of plasma generated reactive oxygen and nitrogen species (RONS) into biological target
Jun-Seok Oh1, Hideo Fukuhara2, and Endre J. Szili3
1
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Non-thermal atmospheric pressure plasma technology is widely used in biomedical applications. This is
because the plasma operated in ambient air is a rich source of reactive oxygen and nitrogen species
(RONS). Interestingly, many of these RONS are also produced naturally in cells. RONS regulate cellular and
physiological processes and are vital to life. It is assumed that the underlying modes of action of plasma in
medicine and biology are defined by the way plasma-generated RONS interact with the components of
biological liquid, cells and tissue.
Since 2014, we have investigated the delivery mechanism of plasma generated RONS into biological target
by using a simple plasma jet for a source of RONS and a simple agarose film as surrogate for real tissue in
collaboration. Real-time UV absorption spectroscopy was employed for monitoring RONS delivered into
deionized water underneath of mm thick agarose film. From the simple experiment, we revealed plasmagenerated RONS are accumulated in the biological target and subsequently released deep into the agarose
target. In recent, we investigate RONS delivery mechanism into biological target by using lived rodent model.
In the presentation, we introduce detail of the delivery of plasma generated RONS into biological targets;
model tissue, model skin, and live rodent.
J.-S. Oh and H. Fukuhara acknowledge the JSPS KAKENHI Grant numbers JP17K05099 and JP17K16798. E.
J. Szili thanks the Australian Research Council through the Discovery Project DP16010498.
Simulating hot electrons in 2D hydrodynamic ALE code odin
Duncan Barlow1, Tony Arber1, Robbie Scott2, Keith Bennett1, and Tom Goffrey1
1
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Odin is a 2D radiation hydrodynamics code that has been developed by the University of Warwick and is
now capable of doing full direct drive Inertial Confinement Fusion (ICF) implosions. The code has been in
development alongside the experiments carried out by Robbie Scott at the OMEGA laser facility LLE, both
with the focus of determining the possible effects of hot electrons generated by high intensity Laser Plasma
Instabilities (LPI) on a target and the shock generation.
In particular, Shock Ignition (SI) has been the major focus of much of the experiments, simulations and
research into direct drive ICF since the rediscovery in Betti, R., et al. 98.15 (2007): 155001, and although
there has been much study into the 1D implications of hot electrons for shock generation, there has been far
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less about the implications for a non-isotropic implosions. In my talk I will outline how we have developed
the code alongside the OMEGA experiments and how Odin presents significant opportunity to investigate SI
hot electrons.
Time dependent effects in shock compressed iron in warm dense matter conditions
David Riley1, Stephen White1, Brendan Kettle2, Jan Vorberger3, Ciaran LS Lewis1, Dirk O Gericke4, Chris D
Murphy5, Siegfried H Glenzer6, Bob Nagler6, Hae Ja Lee6, and E Gamboa6
1
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Using the LCLS facility at the SLAC National Accelerator Laboratory, we have observed X-ray scattering from
iron compressed with laser driven shocks to Earth-core like pressures above 400 GPa. The data shows shots
where melting is incomplete and we observe hexagonal close packed (hcp) crystal structure at shock
compressed densities up to 14.0 g cm−3 but no evidence of a double- hexagonal close packed (dhcp)
crystal. The observation of a crystalline structure at these densities, where shock heating is expected to be in
excess of the equilibrium melt temperature, may indicate superheating of the solid. These results are
important for equation of state modelling at high strain rates relevant for impact scenarios and laser-driven
shock wave experiments.

Session 5
Development of a multi-component diffusion fluid solver for two-temperature binary plasma sheath
Giuseppe Gangemi1, Alejandro Alvarez Laguna2, Stefano Boccelli3, and Thierry Magin1
1

von Karman Institute for Fluid Dynamics, Belgium, 2Laboratoire de Physique des Plasmas,
France, 3Politecnico di Milano, Italy
The prediction of arcing in vacuum electronics and the electrical charging of space platforms due to the
interaction with the plume of electric thrusters are two aerospace applications where an accurate description
of the plasma sheath is crucial. Together with the need of accuracy, complex geometries require computational
methods that are also computationally affordable.
In this work we investigate two different approaches to plasma fluid simulations: the multi-fluid, commonly
used in the plasma physics community, and the multi-component approach (a generalization of the simpler
drift-diffusion model), commonly used in the combustion and re-entry flows community. The former considers
the species within the mixture as interpenetrating fluids, solving (under the isothermal assumption) for each
fluid one equation for mass conservation and one for momentum conservation; the latter (in this work in its
binary diffusion approximation) assumes the plasma as a single fluid with diffusing species, hence solves (in
isothermal condition) for one mass conservation equation for each species and only one equation for
momentum conservation of the bulk velocity of the plasma. In both models solving for the electrostatic Poisson
equation ensures charge conservation inside the domain. The multi-component model offers advantages when
simulating mixtures with large number of species as the number of equations (and the model complexity)
decreases, with a reduction in computational cost.
In this work we compare the results of the two methods by simulating a one-dimensional discharge with a
binary mixture of argon plasma (electrons and positive ions in a uniform bath of argon neutrals). We adapt the
boundary conditions from the classic multi-fluid approach and implement a semi-implicit treatment of the
electric potential in order to improve performance in terms of stability of the time integration scheme. Different
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simulations have been performed with different degrees of collisionality in the mixture by changing the gas
pressure.
The proposed approach shows good agreement above gas pressure of 10 Pa with a noticeable decrease in
the computational complexity; such results pave the way to the development of a full multi-component model
that will allow to simulate more complex mixtures.
Isolation of single attosecond pulses from relativistic laser plasmas driven by two-colour fields
Mark Yeung1, Brendan Dromey1, Paul Gilmore1, Rachel Smith1, and Eligva White2
1
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Relativistically intense interactions between a laser pulse and a plasma surface can drive electrons to
speeds close to that of light resulting in the generation of high order harmonics extending to X-ray
frequencies via various mechanisms [1,2]. This reflected radiation manifests itself in the temporal domain in
the form of a train of multiple bright attosecond scale pulses that have the potential to allow control and
measurement of electronic dynamics on the atomic scale. A major challenge is to find ways of temporally
gating these pulse trains to single isolated pulses using driving pulses of multiple cycles which are typically
available for this intensity regime. One key scheme that has been explored is polarization gating where the
suppression of the generation mechanism for elliptically polarized pulses is exploited [3]. Here we show
results that combine this technique with two-colour driving fields, which have separately been demonstrated
to result in large increases in the generation efficiency of the interaction [4], while also allowing additional
control over the temporal properties of the reflected pulse train.
[1]
[2]
[3]
[4]

S. V. Bulanov et al. Phys. Plasmas 1, 745 (1994)
R. Lichters et al. Phys. Plasmas 3, 3425 (1996)
S. Rykovanov et al., New J. Phys., 10, 025025 (2008)
M. Yeung et al. Nature Photon. 11, 32 (2016)

Predicting resistive wall mode stability in tokamaks via a robust balanced under-sampled random forest
classifier
Andrea Piccione1, Jack W. Berkery2, Steven A. Sabbagn2, Juan Riquezes2, and Yiannis Andreopoulos1
1
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The resistive wall mode (RWM) is a global mode of instability of high-pressure tokamak fusion plasmas that
can lead to disruption of the plasma current and termination of the discharge. Since these disruptions can
lead to physical damage, a method of detection and forecasting of RWM stability is desired. Past postdischarge analysis of RWM instability used an experimental rise in an n=1 toroidal mode number poloidal
magnetic field measurement on the time scale of magnetic flux penetration through conducting surfaces
surrounding the plasma, τw. However, the use of this signal alone is insufficient, so other considerations,
such as the normalized beta level and the lack of indication of a locked tearing mode were also examined.
Analysis of the physics of RWM instabilities through complex physics-guided simulations such as MISK and
MARS-K identified that resonances between rotation profiles and certain particle motions are crucial to
characterise RWM stability. However, it was apparent that these tools were too complex to be executed for
real-time prediction and avoidance of instabilities. Therefore, the physics of RWM instability uncovered by
these codes was distilled into a reduced model that could potentially be calculated in real-time. This
reduced kinetic model was included in the Disruption Event Characterization and Forecasting (DECAF) code
[1] and tested on post-discharge analysis of plasmas from the National Spherical Torus Experiment (NSTX).
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We propose a physics-guided Random Forest (RF) based approach to predict whether the RWM will go
unstable in an extended NSTX database, where experts have manually determined the time of RWM
instability, or lack thereof. Inputs to the algorithm include the previous physics-guided neural network
determinations of the ideal no-wall and with-wall βN limits [2], the measured βN, two quantities related to the
rotation and collisionality inspired by the reduced kinetic model, and finally a signal indicating the presence
of a tearing mode. The latter is used in this scheme to reduce false positives. Specifically, the presence of
low frequency rotating MHD activity, which can lead to a locked tearing mode, has been seen to almost
always preclude an RWM from going unstable at the same time [3]. Since the dataset is strongly imbalanced
(e.g., remarkably high ratio of negative over positive samples), we have found that simply weighting the RF
leads to a success rate below 70%. Fortunately, RFs are robust estimators to be used in conjunction with
undersampling techniques. That is, samples from the majority class are randomly discarded while each tree
is growing for balancing purposes. Despite the occasional loss of informative parts of the dataset due to
undersampling, RFs are a collection of trees analysing different subsets of the data and it has been proven
that with enough trees the dataset will be explored in its entirety regardless of its sampling strategy. With
these modifications, our model can boost the success rate above 80% while maintaining a small number of
false positives.
[1]
[2]
[3]

Berkery J.W. et al.,Phys.Plasmas (2017) 24 056103
Piccione A. et al.,Nucl.Fusion (2020) 60 046033
Sabbagh S.A. et al.,Phys.Plasmas (2002) 9(5) 2085-2092

Kinetic studies of inertial confinement fusion implosions
Grigory Kagan
Imperial College London, UK
Experiments are indicative of substantial kinetic effects in high-energy-density plasmas during the course of a
spherical implosion. The effects appear as the plasma mean-free-path grows relative to the background scale
making standard rad-hydro single-fluid description invalid. To understand their mechanics and implications it
is convenient to consider the thermal and suprathermal particles separately. For the former, sharp gradients
can drive the inter-ion-species diffusion, so the fuel composition no longer remains constant unlike what the
standard, single-fluid codes assume [1-4]. Atomic mix at interfaces is, fundamentally, due to the same
diffusion process. For the latter, the mean-free-path is much larger than that of their thermal counterparts, so
their distribution function may be far from Maxwellian, even if thermal ions are nearly equilibrated. It is these
suprathermal, or tail, ions that fuse in subignited implosions. Their distribution is thus the key to proper
interpretation of nuclear diagnostics employed in HEDP experiments in general and to correct fusion yield
prediction in particular [5]. Furthermore, suprathermal electron distribution shows similar behavior, affecting
the X-ray diagnostics [6]. Basic mechanisms behind and practical consequences of these groups of effects in
ideal and non-ideal HED plasmas will be discussed.
[1]
[2]
[3]
[4]

G. Kagan and X.-Z. Tang “Electro-diffusion in a Plasma with Two Ion Species” Physics of Plasmas 19
(2012) 082709
G. Kagan and X.-Z. Tang “Thermo-diffusion in Inertially Confined Plasmas” Physics Letters A 378
(2014) 1531
G. Kagan, S. D. Baalrud and J. Daligault “Influence of Coupling on Thermal Forces and Dynamic
Friction in Plasmas with Multiple Ion Species” Physics of Plasmas 24 (2017) 072705
G. Kagan and S. D. Baalrud “Transport Formulas for Multi-component Plasmas Within the Effective
Potential Theory Framework” https://arxiv.org/abs/1611.09872
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G. Kagan, D. Svyatskiy et al. “Self-similar Structure and Experimental Signatures of Suprathermal
Ion Distribution in Inertial Confinement Fusion Implosions” Physical Review Letters 115 (2015)
105002
G. Kagan, O. L. Landen et al. “Inference of the electron temperature in ICF implosions from the hard
X-ray spectral continuum” Contributions to Plasma Physics (2018)

Session 6
(INVITED) Global plasma simulations for ITER scenario development
Elina Militello Asp1, Yuriy Baranov1, Gerard Corrigan1, Daniela Farina2, Lorenzo Figini2, Luca Garzotti1, Derek
Harting3, Florian Köchl1, Alberto Loarte4, Hans Nordman5, Vassili Parail1, Simon Pinches4, Emmi Tholerus1,
Alexei Polevoi4, Roberta Sartori6, and Pär Strand5
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The ITER tokamak is a crucial step on the EUROfusion roadmap[1] to put fusion energy on the grid. This
international project's main goal is to show, for the first time, net energy production by Deuterium-Tritium
fusion reactions and produce 500MW of fusion power from 50 MW of input heating power for 500s[2]. This
requires the development of operationally robust scenarios that span the whole plasma discharge from startup to termination, not only in Deuterium-Tritium but also in the Pre Fusion-Plasma Operation (PFPO) phase
in Hydrogen and Helium. In the PFPO phase there will be no fusion reactions creating neutrons to make the
vessel radioactive, which makes it attractive for explorative work as in-vessel components can still be
relatively easily replaced. Hence, PFPO will be used to commission subsystems and learn important lessons
about how to optimise and operate ITER plasmas within machine-protection limits.
As ITER’s plasma-facing surfaces are made of Beryllium and Tungsten, ITER personnel will pay attention to
applying ITER’s heating, fuelling and impurity seeding systems in an optimum way to achieve the best
plasma performance. Their focus will be on i) minimising the release of Tungsten by plasma-wall
interactions; ii) limiting Tungsten transport into the core plasma; iii) safe exhaust power loads (<10MWm-2);
and in the Fusion-Plasma Operation phase iv) the Deuterium-Tritium mix control in the core plasma for peak
fusion energy production. As Tungsten is highly radiative, large Tungsten concentration levels in the plasma
can lead to significant energy losses that in the best case reduces the fusion production and in the worst
case causes the plasma to collapse. To protect the Tungsten and Beryllium tiles from melting, the power
loads to the walls must be controlled by injecting small amounts of Neon into the edge plasma, which
radiates some of the power streaming along the magnetic field lines into the exhaust system and spreads it
evenly over the whole vessel wall rather than depositing it all on the target plates.
JINTRAC[3], developed by EUROfusion, is currently exploited to tackle this challenge using its advanced suite
of particle and heat transport modules, which uniquely models the whole plasma including plasma-wall
interactions. This makes JINTRAC a powerful tool to address many of the most important questions facing
ITER plasma scenario development. Our PFPO simulations give important insights into the fuelling and
heating requirements and indicate that the main scenarios foreseen in the ITER Research Plan are indeed
feasible, with accessible, stable Hydrogen and Helium 5MA/1.8T and 7.5MA/2.65T high-confinement
modes and 15MA/5.3T Hydrogen low-confinement mode scenarios operating within machine protection
limits. These can be used routinely for commissioning work and exploring and expanding ITER’s operating
space to prepare for the ultimate fusion power producing Deuterium-Tritium plasmas that will be the future
focus of our work.
[1]

“European Research Roadmap to the Realisation of Fusion Energy", https://www.eurofusion.org/eurofusion/roadmap/.
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“ITER Research Plan within the Staged Approach”, ITER Technical Report ITR-18-003,
https://www.iter.org/doc/www/content/com/Lists/ITER%20Technical%20Reports/Attachments/9
/ITER_Research_Plan_within_the_Staged_Approach_levIII_provversion.pdf.
ROMANELLI, M., et al., “JINTRAC: A System of Codes for Integrated Simulation of Tokamak
Scenarios”, Plasma and Fusion Research, 9, 3403023 (2014)

Time-of-flight mass spectrometry to estimate plasma temperature from ablated target surfaces
Eduardo Solis Meza1, Lydia Rush2, Carmen Menoni2, Jorge Rocca2, Gregory Tallents1, and Erik Wagenaars3
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In this work, we explored the capabilities of Extreme Ultraviolet Laser Ablation Time-of-flight Mass
Spectrometry (EUV TOF) as a plasma diagnostic tool by combining the spectral data measured with postprocessing plasma dynamics simulations. EUV TOF mass spectrometry was used to measure the distribution
of ions resulting from the EUV laser ablation and ionisation of different solid targets, this has recently been
introduced as a reliable new technique for chemical analyses at the nanoscale [1]. The materials analysed
were gold, silver, aluminium and silicon. These materials have different attenuation lengths ranging from nm
to µm, which affects directly the energy density after the laser interaction. The experimental results are
combined with a simple analytical adiabatic expansion model to derive the plasma temperature on the
target surface, at the end of the laser-solid interaction. The plasma expansion can be modelled as an
expansion in vacuum, using two models for the initial conditions of the plasma; an isothermal and isentropic
model. Given the physical conditions of the TOF MS device, the number of ions in the entrance of the timeof-flight tube was calculated for a given set of initial conditions. Based on the modelled ion spectra, the
initial plasma conditions right after the laser interaction were traced back. We investigated the scope and
limitations of the coronal plasma assumption, the plasma expansion approximations and the similitudes
with the experimental results.
[1]

Kuznetsov, I., Filevich, J., Dong, F., Woolston, M., Chao, W., Anderson, E. H., Bernstein, E. R., Crick,
D. C., Rocca, J. J. & Menoni, C. S. (2015). Three-dimensional nanoscale molecular imaging by
extreme ultraviolet laser ablation mass spectrometry. Nature Communications, 6(6944), 1-6.

Toroidicity-induced Alfvén eigenmode (TAE) and kinetic TAE structures measured with multiple diagnostics in
the MegaAmp Spherical Tokamak
Henry H Wong1, C A Michael1, N Fil2, A Jacobsen2, A r Field2, M Cecconello3, M Fitzgerald2, G Choi4, P Liu4, N
a Crocker1, K g McClements2, Z Lin4, T Carter1, and D Dunai5
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Measurements of plasma fluctuations associated with toroidicity-induced Alfvén eigenmodes and kinetic TAEs
(kTAEs) are obtained using multiple diagnostics in the Mega Amp Spherical Tokamak (MAST). TAEs are
commonly observed to cause redistribution and loss of these ions. They potentially reduce the effectiveness
of beam heating and the associated losses pose a threat to the plasma facing components. In this study the
contribution of targeted AEs to plasma fluctuations is isolated using cross-correlation analysis of
measurements from Mirnov coils, beam emission spectroscopy (BES), and tangential soft x-ray (SXR)
diagnostics on MAST. These measurements can be used to validate physics models for neutral beam excited
AEs. Hence the work advances the understanding of and predictive capabilities for AEs and the associated
fast ion losses.
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Measurements of AEs structure with the different diagnostics yield diverse results. SXR
measurementsare useful for measuring the radial structure of AEs across a large spatial range. BES offers a
2D view in the poloidal plane that is comparatively narrow in the radial direction, with much finer spatial
sampling that can be adjusted from pulse to pulse to view different portions of the radius. This is useful for
studying poloidal structure and the details of shorter scale radial structures. The AEs which are the focus of
the measurements reported here are observed to undergo changes in frequency (“chirping”) along with a rapid
amplitude evolution, initially growing then beginning to decay. One of the measured TAE structures obtained
from the BES diagnostic when it viewed the edge indicates a strong radial localization of the associated density
fluctuations to the last closed flux surface. However, BES measurements from the outer regions of the plasma
may have been contaminated by fast-ion Dα (FIDA) emission from lost fast-ions charge exchanging with edge
neutrals. The degree to which FIDA contamination affects the BES measurements is being evaluated. In
contrast, some of the inversions of line-integrated SXR measurements suggest anti-ballooning-like structures
associated with TAEs and kTAEs, where the fluctuations peak on the in-board side. Efforts are underway to
assess the reliabilities of the line-integrated SXR measurements and their inversions.
Details of these structures are being compared with the simulations carried out with ideal MHD linear
eigenmode codes, as well as linear simulations carried out with the Gyrokinetic Toroidal Code (GTC). GTC
simulates the AE evolution due to linear or nonlinear interactions with gyrokinetic thermal and fast ions, as
well as drift-kinetic or massless fluid electrons. Ideal MHD codes are sometimes unable to predict the antiballooning character of TAEs and kTAEs. The importance of gyrokinetic mechanics in predicting anti-ballooning
TAE and kTAE structures could be evaluated via comparison between SXR measurements and linear GTC
simulations. The time dependent structures obtained from diagnostics will be compared with nonlinear
simulations from GTC in future work, and thus provide a basis for validating nonlinear physics models for AE
chirping, for example those based on the concept of hole-clump instabilities.
The work is supported by US-DOE DE-SC0019007.

Thursday, 9 April 2021
Session 7
(INVITED) Energy transformation, turbulence and acceleration in space plasmas
Elena Kronberg
University of Munich, Germany
Turbulence, magnetic reconnection, kinetic instabilities, and particle acceleration are recognized as key
challenges for laboratory and space plasmas. In the magnetospheres of the Earth and other planets, the
energy supplied by, e.g., the solar wind or the ionosphere is accumulated in the cross-tail current sheet and
then explosively released. Depending on the particular plasma and magnetic field conditions, the energy
release occurs at different spatial and temporal scales, followed by an excitation of plasma instabilities and
the generation of waves. These phenomena cause significant heating and acceleration, boosting the
energies of charged particles by several orders of magnitude. These particles contaminate the observations
of space instruments and pose a hazard to astronauts and the electronics of satellites. I will present recent
insights about the acceleration of solar wind, ionospheric and volcanic ions to high energies.
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Kinetic mechanisms in CO2-O2 plasmas: Development of a reaction mechanism
Chloé Fromentin1, Vasco Guerra1, Tiago Silva1, Tiago Dias1, Ana Sofia Morillo-Candas2, Olivier Guaitella2, Ana
Filipa Silva3, and Omar Biondo4
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This contribution reports the development of a reaction mechanism for CO2-O2 plasmas. To this purpose,
simulations from a 0D self-consistent kinetic model are compared with recent experimental data obtained in
low-pressure DC discharges. The comparison allows a refinement of the available kinetic schemes and the
development of a new reaction mechanism (i.e., a set of reactions and rate coefficients validated against
benchmark experiments) for CO2-O2 plasmas.
Investigating the impact of O2 on CO2 conversion is relevant because O2 is a product of CO2 dissociation and
can be present as an impurity in industrial CO2 emissions. Besides, by enlarging the range of operating
conditions, kinetic schemes validated for pure O2 and pure CO2 can be further refined. The research teams at
Instituto Superior Técnico (IST) from Universidade de Lisboa, Laboratoire de Physique des Plasmas (LPP) from
École Polytechnique carry out a joint investigation of CO2-O2 and CO2 plasmas. A set of measurements of gas
temperature, vibrational temperatures of CO2, E/N, O(3P), CO(X1Σ+) and CO2(X1Σ+g) densities and O(3P) loss
frequencies was recently obtained. The plasma source chosen is a DC glow discharge, operating at pressures
in the range p=0.1-10 Torr and discharge currents I=10-50 mA, in a Pyrex tube of radius R=1 cm, which is
stable, axially homogenous, and easily accessible to a variety of diagnostics. The simulation results were
obtained with the LoKI (LisbOn Kinetics) [1] simulation tool solving a Boltzmann-chemistry global model. The
admixture of O2 has a detrimental impact on CO2 decomposition [2] and several reasons can be assigned for
it, one of them being the quenching of vibrationally excited CO2, which may lead to molecular dissociation
through the so-called ladder climbing mechanism [3]. Another possible explanation is the enhancement of
the reverse reaction producing back CO2 from electronically excited CO in collisions with O2 [4]. Therefore,
molecular oxygen plays an important role in CO2 plasma kinetics. Understanding the impact of the different
elementary processes on the overall kinetics, along with the validation against experimental data, will
contribute to further develop the existing models and thus to better control and enhance CO2 conversion. For
this purpose, a proper description of the CO2 chemistry and vibrational population is fundamental along with
a detailed kinetic scheme for O2, as partially done in [5-7].
Acknowledgments: This work was partially supported by the European Union's Horizon 2020 research and
innovation programme under grant agreement MSCA ITN 813393, and by Portuguese FCT-Fundação para a
Ciência e a Tecnologia, under projects UIDB/50010/2020 and UIDP/50010/2020.
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A.S. Morillo-Candas et al, J. Phys. Chem. C 124 (2020) 17459−17475
A.F. Silva et al, “A reaction mechanism for vibrationally cold CO2 plasmas”, accepted for publication,
(2020)
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Equilibrium design and control in the SMART Tokamak
Scott Doyle1, Daniel Lopez-Aires1, Alessio Mancini1, Manu Agredano-Torres2, Juanlu Garcia-Sanchez2, Jorge
Segado-Fernandez2, Juan Manuel Ayllon-Guerola1, Manolo Garcia-Munoz1, Eleonora Viezzer1, Carlos SoriaHoyo1, Javi Garcia-Lopez1, Goef Cunningham3, Peter Buxton4, Mikhail Gryaznevich4, Yong-Seok Hwang5, and
Kim-Jong Chung5
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The SMall Aspect Ratio Tokamak (SMART) device is a novel, compact (Rgeo = 0.42 m, a = 0.22 m, A > 1.71)
spherical tokamak, currently under development at the University of Seville. The SMART device is being
developed over 3 phases, with target on-axis toroidal magnetic fields between 0.1 < Bφ < 1.0 T, and target
plasma currents of between 35 < Ip < 500 kA; with phases 2 and 3 enabling a wide range of plasma shaping
configurations (elongation κ < 2.00 and triangularities between -0.50 < δ < +0.47). Control of plasma
shaping is achieved through four axially variable poloidal field coils (PF), and four fixed divertor (Div) coils,
nominally allowing operation in lower-single, upper-single and double-null configurations. This work
examines phase 2 of the SMART device, presenting three highly-shaped equilibria, both in elongation and
triangularity. A discussion of the plasma startup procedure is presented, including relevant solenoid, PF and
Div coil current waveforms. Plasma vertical stability is also considered, including effects from both active and
passive vessel components, where passively stabilised configurations exhibit growth rates of γ < 130 s-1 in
phase 2. All equilibria are obtained via an axisymmetric Grad-Shafranov force balance solver (Fiesta), in
combination with a circuit equation rigid current displacement model (RZIp) to obtain time-resolved vessel
and plasma currents.
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Session 8
Self-consistent microphysics models for materials at high energy density
Adam Fraser1, Aidan Crilly2, Nicolas Niasse3, James Pecover3, David Chapman3, and Jeremy Chittenden2
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The ability of radiation magneto-hydrodynamics codes to accurately predict the behaviour of high energy
density physics experiments depends on the provision of accurate data for the constituent properties of the
materials involved. The predicted properties vary depending on the microphysical model used to represent
them. Furthermore, the interplay between the hydrodynamics and radiation transport leads to a source of
error when using inconsistent models for material properties. This work presents the development of the DCA
atomic code SpK [1] to enable the calculation of the equation of state, based on the solution to the Saha
equation and following the work of Faussurier et al. [2]. SpK was initially developed to produce opacity data
from the excited state level populations and distribution of charge states calculated. The extension of SpK to
provide a self-consistent description of the EoS enables tabulated data valid for dense plasmas to be
produced at low computational cost compared to first-principles methods.
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Coherent undulator radiation from a laser wakefield accelerator
Kiruththika Sivanathan, Dino Jaroszynski, Mohammed Shahzad, and Antoine Maitrallain
University of Strathclyde, UK
Synchrotron light sources are useful for structural analysis of matter because they can be tuned from 100s eV
to keV photon energies. Conventional accelerators are constrained to a maximum field gradient of because
their radio-frequency cavities are susceptible to electrical breakdown. Furthermore, conventional accelerator
technology usually limits the pulse duration of synchrotron sources to picoseconds. It has been shown that
the laser wakefield accelerators (LWFA) [1] can produce short duration, high energy, electrons bunches [2]
which produce incoherent undulator radiation [3].
We report on simulations that predict that when ultrashort attosecond [4] to femtosecond [2] duration electron
bunches from a LWFA are injected into an undulator coherent emission occurs due to the pre-bunched electron
bunch. Coherent sources based on undulators usually depend on self-bunching leading to self-amplification,
as in the free-electron laser, which leads to high-brightness coherent radiation. Here we present a theoretical
investigation of undulator radiation from a short bunch showing that intense coherent synchrotron radiation is
produced when the bunch length is shorter that the undulator radiation wavelength.
[1]
[2]
[3]
[4]

P. D. Mangles, et al., “Monoenergetic beams of relativistic electrons from intense laser-plasma
interactions”, Nature 431, 535 (2004).
R. Islam, et al., “Near-threshold electron injection in the laser–plasma wakefield accelerator leading
to femtosecond bunches”, New J. Phys. 17, 093033 (2015).
P. Schlenvoigt, et.al. “A compact synchrotron radiation source driven by a laser-plasma wakefield
accelerator”. Nature Physics 4,130 (2008)
P. Tooley, et al., “Towards Attosecond High-Energy Electron Bunches: Controlling Self-Injection in
Laser-Wakefield Accelerators through Plasma-Density Modulation”, Phys. Rev. Lett. 119, 044801
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Investigations of Alfvén eigenmode stability in advanced tokamak JET plasmas
Nicolas Fil1, Roy Alexander Tinguely2, Paulo Puglia3, Stuart Dowson1, Michael Fitzgerald1, Sergei Sharapov1,
Miklos Porkolab2, Zhihong Lin4, Rémi Dumont5, Duccio Testa3, and Ambrogio Fasoli3
1

UKAEA, UK 2 MIT Plasma Science and Fusion Center, USA, 3École polytechnique fédérale de Lausanne,
Switzerland, 4University of California, USA, 5CEA Cadarache, France
In deuterium-tritium (DT) plasmas, fusion reactions create 3.5 MeV helium ions (alpha-particles) which can
non-linearly interact with toroidal Alfvén eigenmodes (TAEs). This could decrease fusion performance by
moving the alpha-particles away from the core plasma or more dramatically could cause losses which would
lead to an increase of heat fluxes and damage to the tokamak vessel walls and plasma facing components.
Studying alpha-driven TAEs is then of crucial importance for next-step burning plasmas, including ITER. In the
Joint European Torus (JET), isotope experiments in deuterium (DD) and tritium (TT) plasmas aim to develop
and establish a scenario where fusion performance would be sufficient to observe alpha-driven TAEs in JET DT
plasmas. To reach this goal, deuterium plasmas have been run at low densities, high q-profiles, relatively low
current and with neutral beam injection (NBI) and ion cyclotron resonance heating (ICRH). In these highperformance plasmas, Alfven eigenmodes (AEs) are commonly observed [1]. The present work focuses on JET
pulses (D plasma) in which AE activity occurred in the TAE frequency range (on JET, 100-250kHz) as well as
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in a lower frequency range (10-100 kHz). We use the MHD code MISHKA and the gyrokinetic code GTC to
study these modes and their stability. While MISHKA represents a conventional approach for numerical
investigation of TAEs, computing the eigenmode structure and real frequency (providing input for other codes
to compute dissipation rates and the energetic particle drive), we also use GTC which self-consistently models
bulk ions, fast ions, electrons and fields, allowing us to study both unstable AEs observed passively (magnetic
pick-up coils, soft X-Ray, interferometry, …) and stable AEs resonantly excited by active antenna (AEAD).
Good agreement is obtained between simulations and experiments, complementing earlier studies [2,3] and
giving a strong basis for experimental and computational work in preparation for JET-DT and further predictions
for ITER.
[1]
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[3]
[4]

R. Dumont et al., Nuclear Fusion 58 (2018) 082005, https://doi.org/10.1088/17414326/aab1bb
F. Nabais et al., Nucl. Fusion 58 (2018) 082007, https://doi.org/10.1088/1741-4326/aabdbd
V. Aslanyan et al., Nucl. Fusion 59 (2019) 026008, https://doi.org/10.1088/1741-4326/aaf430
E. Joffrin et al., Nucl. Fusion 59 (2019) 112021, https://doi.org/10.1088/1741-4326/ab2276
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Backscatter edge model to infer fuel layer conditions near stagnation in ICF implosions
Aidan Crilly1, Brian Appelbe1, Owen Mannion2, Chad Forrest2, Chris Walsh3, and Jeremy Chittenden1
1
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Observations during the stagnation of ICF implosions are primarily focused towards diagnosing the hot spot
with the cold dense fuel properties largely unmeasured. The scattered neutron spectrum contains a wealth of
information about the conditions of the scattering medium. Previous analysis has been restricted to an
inference of fuel areal density. In this work we develop a method to extract additional dense fuel properties,
including fluid velocity and temperature. Scattering kinematics are affected by the velocity distribution of the
ions with which the neutrons interact. Neutrons which undergo a single 180° scattering event from D and T
ions produce sharp edges in the spectrum. The spectral shape of the backscatter edge is especially sensitive
to the ion velocity distribution. Similar to the DT primary spectrum, thermal and non-thermal broadening and
bulk fluid velocity shifts govern the spectral form. A model to fit the edge shape has been derived.
The 1D discrete ordinates neutron transport code Minotaur is used to post-process 1D Chimera and LILAC
radiation hydrodynamics simulations of ICF experiments in order to produce synthetic neutron spectra.
Multidimensional effects are investigated through 3D Chimera simulations with the aim of identifying failure
mechanisms brought about by asynchronous stagnation of the capsule. Comparisons are made to
experimental data obtained at OMEGA with observations of both the nT and nD edges.
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(INVITED) The role of nanostructure in the ultrafast response of SiO 2 to ionising radiation
Brendan Dromey1, M Coughlan1, J Symth1, H Donnelly1, C Arthur1, M Afshari1, N Breslin1, B Villagomez1,2, F
Currell2, L Stella1, C L S Lewis1, D Riley1, M Zepf3, and M Yeung1
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Ionisation dynamics on the nanoscale seed the processes that govern relaxation to macroscopic
equilibrium in irradiated matter. Therefore, understanding the conditions that underpin this transition
is critical in a wide range of applications from healthcare to radiation science. Recently we have
demonstrated that laser driven ion accelerators can provide an ultrafast tool for studying this
inherently multiscale regime with temporal resolution < 0.5 ps [1,2]. Here we demonstrate that it is
possible to interrogate these ultrafast processes in real-time by contrasting how recovery scales with
interaction dimensionality for different ionising species. We employ single-shot optical streaking to
track the decay time constant, tc, of free carriers in SiO2 due to picosecond-scale (ps, 10-12 s) pulses
of X-rays and protons from a single laser-driven accelerator. Exploiting the nanoscopically
heterogeneous density of SiO2 aerogels, our results reveal a sharp discontinuity in the scaling of tc
with average density (rav) for proton and X-rays interactions. Cross referencing these observations with
novel numerical simulations exposes the delicate interplay between the nanoscale conditions and
emergent mechanisms, namely electron-phonon interaction, that drive ultrafast recovery in irradiated
bulk SiO2.
[1]
[2]

Dromey, B., et al., Nat.Comms., 2016, 7, 10642
Senje, L., et al., App. Phys. Letts., 2017, 110, 104102

(Haines Prize 2021) Automation and control of laser wakefield accelerators using Bayesian optimization
Rob Shalloo
Imperial College London, UK
Laser wakefield accelerators promise to revolutionize many areas of accelerator science. However, one of the
greatest challenges to their widespread adoption is the difficulty in control and optimization of the
accelerator outputs due to coupling between input parameters and the dynamic evolution of the accelerating
structure. Here, we use machine learning techniques to automate a 100 MeV-scale accelerator, which
optimized its outputs by simultaneously varying up to six parameters including the spectral and spatial
phase of the laser and the plasma density and length. Most notably, the model built by the algorithm
enabled optimization of the laser evolution that might otherwise have been missed in single variable scans.
Subtle tuning of the laser pulse shape caused an 80% increase in electron beam charge, despite the pulse
length changing by just 1%.
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Focusing of betatron radiation from a laser-wakefield accelerator for XANES studies of warm dense matter
Meriame Berboucha1, Cary Colgan2, Eric Cunningham3, Matthew Edwards4, Phil Heimann3, Brendan Kettle2,
Paul King4, Hae Ja Lee3, Nuno Lemos4, Eva Los2, Bob Nagler3, Felicie Albert4, Gilliss Dyer3, Eric Galtier3, and
Stuart Mangles2
1
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The x-rays produced by a laser wakefield accelerator could be an invaluable source for x-ray absorption nearedge spectroscopy (XANES) measurements of warm dense matter due to their large spectral bandwidth and
femtosecond pulse durations. Femtosecond x-ray absorption spectroscopy can provide time-resolved
information on the ultrafast dynamics of the non- equilibrium transition of a metal foil from solid to the warm
dense matter state: an opportunity to provide information to better describe and understand astrophysical
and fusion plasmas. This work portrays the focusing of laser-wakefield acceleration produced betatron
radiation for sub- 100 fs XANES snapshots of the L-edge (707 eV) of laser-heated iron. The betatron
radiation was focused with a toroidal mirror to a spot size of ~ 50 x 35 μm. The laser heated spot size is ~
300 μm enabling all photons emitted by the source to probe a homogeneous region of the warm dense
sample, minimizing temperature and density gradients for accurate XANES measurements. We present a raytracing model used to compare the performance of the focusing system with the experimental betatron spot
measurement, as well as an analysis of the XANES spectra of an unheated thin (50 nm) iron sample.
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(Culham Thesis Prize) Modelling of kinetic effects in parallel transport in the Tokamak scrape-off layer
Stefan Mijin
Imperial College London, UK
Heat flow onto divertor targets in the tokamak represents one of the main design problems in current fusion
research. Excessive heat loads, especially during violent transient events, can significantly damage the
plasma-facing components. In order to mitigate the heat load it is beneficial to run the tokamak in a detached
regime. This involves formation of a neutral cloud in front of the divertor targets that protects the surface
material. Thus, interaction of the plasma with the detached neutrals becomes important.
Energy, on its way to the divertor targets, travels through the boundary region of the tokamak, the Scrape-Off
Layer. The main transport direction is parallel to the open magnetic field lines of the Scrape-Off Layer. Fluid
models are routinely used to simulate particle and energy transport in the boundary region, but these fail to
capture kinetic effects, which have been linked to discrepancies between said fluid model predictions and
experimental data. Kinetic/non-local effects have been observed in simulations of parallel transport, including
heat flux suppression and enhancement, as well as effects on ionisation rates. The plasma sheath at the
divertor target is also affected by non-local phenomena. Exploring how kinetic effects change facets of parallel
transport, and especially how they cause departure from widely used fluid models, is important in furthering
our understanding of heat load issues, which are critical to future machine design.
In this presentation a novel framework for studying electron kinetic effects in parallel transport is developed,
with special focus on the proper treatment of the sheath boundary condition and inelastic collisions, and the
capability of self-consistent comparison between a kinetic and fluid model. This framework is implemented
in the new electron kinetic code SOL-KiT, and detailson the model and numerics, as well as benchmarking,
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are presented. With the developed code, a systematic power scan study of non-local effects in both
equilibria and transients has been conducted. Kinetic effects are found to be especially prominent in the
interaction of transients with detachment, where heating due to fast particles, heat flux suppression, as well
as modification of ionisation rates have been observed.
Investigating the physics of disruptions with real-time tomography at JET
Diogo R Ferreira1, Pedro J Carvalho2, Ivo S Carvalho2, Chris Stuart2, and Peter J Lomas2
1
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As JET aims for higher performance with higher plasma current and input power, an increase in pulse
disruptivity is being observed. One of the main contributing factors is a decrease in gas fuelling, which allows
an increase in temperature and also in neutron rate, but on the other hand can lead to impurity
accumulation which increases the radiation losses. While several different causes have been identified in the
past [1], the present disruptions seem to be due mostly to radiative collapse. Therefore, it becomes
important to closely monitor the plasma radiation profile in real-time, and to study the way it develops in
order to steer experiments away from the operating conditions that inevitably lead to such collapse. For this
purpose, we developed a simplified form of plasma tomography [2] that can be used to generate the plasma
radiation profile in real-time. The approach is based on matrix multiplication over the real-time bolometer
signals, where the matrix is found by machine learning using existing reconstructions as training data. Realtime tomography provides warning capabilities by monitoring the development of radiation blobs at different
regions of interest, namely at the outer edge, at the plasma core, and at the divertor. We present several
illustrative examples of radiation developing in these regions. Ultimately, we seek to understand the
mechanisms at play, for example when the bulk of radiation moves from the outer edge to the plasma core,
as can be seen in Fig. 1. The high radiation levels observed in those regions are consistent with an impurity
accumulation that can migrate from the edge to the core, leading to a hollow temperature profile, and
eventually to a thermal quench followed by a current quench which terminates the plasma abruptly.

Fig 1: Real-time reconstruction of the plasma radiation profile for JET pulse 96486 from t=48.52s to t=55.77s with a
time step of 0.25s and a dynamic range of 1 MW/m3

[1]
[2]

P. C. de Vries et al., Survey of disruption causes at JET, Nucl. Fusion 51, 053018 (2011)
L.C. Ingesson et al., Soft X ray tomography during ELMs and impurity injection in JET, Nucl. Fusion
11, 1675 (1998)
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Investigating the effects of Vlasov-Fokker-Planck steered Radiation-Hydrodynamics for hohlraum-like
problems
Abetharan Antony, and Robert Kingham
Imperial College London, UK
In recent years, there has been a resurgence of Vlasov-Fokker-Planck(VFP) simulations in the Inertial
Confinement Fusion(ICF) community. In particular, there is interest in developing a coupled system where
Rad-Hydro codes are steered by VFP codes. The interest is driven by the need to include kinetic transport in
ICF simulations of the hohlraum. Previous work done by Marinak et al. 2019/2020 utilised the delayed
divergence of the heat flow from the VFP code to couple into the Rad-Hydro code and successfully modelled
a 1D hohlraum. However, the delayed divergence method used, inaccurately replicate non-linear thermal
decay problems when compared with standalone VFP calculations when run with a reasonable time-step.
Instead, a point-wise multiplier(of value f = q_VFP/q_SH, where q_VFP and q_SH are the kinetically
calculated and Spitzer-Harm heat flows, respectively) used in the rad-hydro code permits more accurate
non-linear temperature decay and more manageable time-step constrain. Here we present the multiplier
method and illustrate the effect of VFP heat-flows on the 1D radiation drive on a hohlraum-like problem.

Session 11
Simulations of Marshak wave through iron oxide foam
Kyle McLean, and Steven Rose
Imperial College London, UK
When modelling high energy density environments, it is important to ensure that computational algorithms
have converged. In doing this, we ensure that the system we are simulating is as physically accurate as
possible. In this work, we use an experimental Marshak wave campaign - designed to probe iron opacity - as
a platform to carry out 1D convergence testing. We compare outcomes and possible avenues of discrepancy
using 1T, 3T and multigroup radiation transport algorithms. We find that using anything other than a
multigroup approach will lead to unconverged and inaccurate results.
Ion fast ignition via laser-driven electrostatic excited in the pellet corona
Elisabetta Boella1, Robert Bingham2, Alan Cairns3, Peter Norreys4, Raoul Trines2, Robbie Scott2, Marija
Vranic5, Nitin Shukla5, and Luis Silva5
1
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Very recently, it has been suggested that fast ignition could be achieved through energetic ions accelerated
in the corona region of a compressed pellet via electrostatic shocks [1, 2]. Indeed, electrostatic shocks in
laser-driven plasmas are known to be an efficient mechanism to accelerate high-quality ions [3, 4, 5, 6].
We report on particle-in-cell simulations modelling the interaction of a near-infrared short laser pulse with
the collisionless corona plasma surrounding a compressed deuterium-tritium pellet. A plasma density profile
obtained via hydrodynamic simulations modelling a typical NIF implosion is considered. Numerical results
show that the laser pushes the plasma inward at the critical surface causing the pile-up of the electrons. The
latter launches then a collisionless shock that travels up-ramp through the plasma reflecting both Hydrogen
and Carbon ions in the corona. As a result, Hydrogen ions are accelerated to an average energy of 8 MeV
with an energy spread of 46%. An adequate number of protons with these energies will be able to penetrate
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the dense core, deposit their energy there and create the hot spot. Our results indicate that the number of
protons reflected by the shock depends on the laser spot size. A large spot size would easily allow obtaining
about $10^16$ protons necessary for the ignition spark. Alternatively, more than one laser could be used to
facilitate focusing the ion beam into a smaller target region [7].
[1]
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PIC-MCC characterization of expanding plasma plumes for a low-density hypersonic aerodynamics facility
Pietro Parodi1, Stefano Boccelli2, Federico Bariselli1, Damien Le Quang1, and Thierry Magin1
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Ground testing of satellite aerodynamics in Very Low Earth Orbit requires facilities able to produce a rarefied
flow of particles at hypersonic speeds up to 8 km/s. This is not possible with conventional gas dynamic
nozzles. A possibility consists in employing a cold-plasma source and reaching the required velocity by
electrostatic acceleration of ions. In this work, we investigate the applicability of such approach to a lowdensity hypersonic aerodynamics facility currently being designed at VKI. First, we present the development
and verification of the Particle-in-Cell -- Direct Simulation Monte Carlo (PIC-DSMC) code PANTERA. Then, we
employ it to perform 2D3V axisymmetric simulations of the expansion of an argon plasma plume in the
vacuum chamber of the facility. Finally, we analyze the results to support the design of the facility and
evaluate its fitness for the application to aerodynamic testing in rarefied conditions. We analyze the behavior
of electron and ion currents in a collisionless plume and identify the criteria that produce zero net current
flow from the source. We study the effect of plume density, showing that the divergence of the plume
increases and the extent of non-neutrality regions decreases at higher injection densities. We investigate the
result of collisions between the plume ions and a background gas, including momentum (MEX) and charge
exchange (CEX) collisions. We show that CEX collisions can cause neutralization of up to 10% of the ion
beam, despite the rarefied conditions. Finally, we notice that ions travel in almost straight trajectories.
Therefore their translational temperature in the plume transverse direction reduces significantly during the
expansion. The consequences of this dynamic on the application to aerodynamic testing are addressed, and
possible solutions proposed.
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Fig 1: Three dimensional view of the simulation domain showing contours of the electric potential and a few electron
trajectories. The increasing potential from the source to the chamber walls causes the reflection of most low energy
emitted electrons.

Novel criteria for efficient Raman and Brillouin amplification of laser beams in plasma
Raoul Trines1, Paulo Alves2, Ezra Webb1, Jorge Vieira3, Frederico Fiuza2, Luis Silva3, Alan Cairns4, Bob
Bingham1
1
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Twenty years have passed since the seminal paper on Raman amplification in plasma by Malkin, Shvets and
Fisch [1]. While Raman amplification has been explored very successfully in theory and simulations [2], no
significant Raman amplification of a laser pulse beyond 0.1 TW or 6% efficiency has been achieved [3], and
there exists only one report of Brillouin amplification beyond 1 TW [4]. In this paper, we investigate one
aspect of Raman and Brillouin amplification that has been consistently overlooked until now: the parameters
and quality of the initial seed pulse. We have developed new criteria for the initial seed pulse in Raman and
Brillouin amplification, and show through analytic theory and numerical simulations, that the energy gain
and efficiency of the amplification will be significant if and only if these criteria are met. We will analyze the
plasma-based Raman and Brillouin amplification experiments carried out to date, and show that the input
seed pulses in all but one of these experiments fall short of our criteria, which is the likely explanation for the
poor efficiency obtained in them. Finally, we apply our findings to the results of the most promising Raman
and Brillouin amplification experiments available [3, 4] to test how well those conform to our model.
[1]
[2]
[3]
[4]
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(INVITED) MAST-U status and progress towards the first experimental campaign
Rory Scannell
UKAEA, UK
Once operating, MAST Upgrade will be the United Kingdoms’ flagship magnetic confinement fusion machine.
Its mission is to develop novel exhaust concepts, build a knowledge base for ITER and explore the feasibility
of the spherical tokamak as a future fusion device. The super-X divertor concept will allow for much greater
power handling, expanding the location of the strike leg and closing off the divertor region to allow impurity
puffing to increase radiation. The machine will relevant to the burning plasma device ITER, examining the
impact of fast particles and ELM control using resonant magnetic perturbations. The results from MAST
Upgrade will feed directly into next generation fusion programme (STEP), which has just received significant
funding from the UK government.
The MAST Upgrade machine is now in the final stages of integrated commissioning. The power supplies
driving currents in each of the magnetic field coils need to be commissioned with no load, these power
supplies then need to be commissioned in conjunction with their corresponding coils individually and finally
multiple coils need to be operate together to perform integrated commissioning. At the same time, control
systems need to be brought online, real time protection systems need to be validated and data acquisition
systems needs to implemented and tested. In conjunction with the commissioning of the MAST Upgrade
plant, required diagnostics need to be brought online. For first plasma breakdown, diagnostic systems
critical for machine operation and protection need to be available; magnetics, hard x-ray monitors, infra-red
cameras and neutron detectors. Following first plasma, diagnostic systems to better understand the plasma
scenarios will increasingly be required; Langmuir probes, high speed video, impurity line monitoring and
interferometry. Finally, the diagnostics that are required for the first physics campaign such as measurement
of electron and ion temperature and velocities, plasma turbulence and many others, will need to be made
operational.
The first element of the physics campaign will be to develop the plasma operating scenarios required to run
the machine. The super-X divertor operational space made available by the addition of the divertor poloidal
coils will then be explored. Integration of the desired divertor operation with a core plasma showing good
stability, low impurities and high confinement will then be the goal. To this end, understanding of pedestal
performance, current drive, fast particle redistribution and ELM control will be key issues in exploiting this
new machine.
The current status of the MAST Upgrade commissioning will be presented as well as plans for achieving
critical milestones such as plasma breakdown, conventional divertor operation, first operation of the Super-X
divertor and the upcoming physics campaign.
This work has been funded by the RCUK Energy Programme [grant number EP/P012250/1].
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Extended MHD Effects On the MagLIF Experiment
Aidan Boxall, Jeremy Chittenden, and Brian Appelbe
Imperial College London, UK
We present results from simulations of magnetised liner inertial fusion (MagLIF) [1,2] experiments at Sandia
National Laboratory, using an extended MHD version of the 3D code Gorgon which includes the full
Braginskii form of Ohm’s law and associated magnetised heat flow. Extended MHD is resistive MHD with
additional terms included in Ohm’s law. Such terms include Nernst, cross-Nernst and Hall. MagLIF
experiments are carried out using a beryllium liner filled with deuterium fuel. The fuel is axially magnetised to
10T to enhance the magneto-thermal insulation of the fuel. It is then imploded via Lorentz forces by the
current produced by the Z-machine which is approximately 20MA with a 100ns rise time. As the liner starts
to move the fuel is preheated using the 2KJ z-beamlet laser to reduce the compression ratio required to
achieve fusion temperatures. Temperature gradients produced by the preheat laser and compression drive
the thermoelectric magnetic field advection terms Nernst and cross-Nernst. The Nernst term advects fields
down temperature gradients which reduces the magnetic field on axis and subsequently the insulation of the
hot fuel. The cross-Nernst term advects the magnetic field perpendicular to the temperature gradient and
magnetic field which can apply a twist to the field. The magnetised heat flow term Righi-Leduc in
combination with the Nernst term can lead to the magneto-thermal instability for rotationally
inhomogeneous laser profiles. The Hall term is also thought to be important for MagLif experiments
particularly early in time where it may alter the magnetic field and current formation on the surface of the
liner during the electrothermal instability growth stage. This may explain the unexpected helical liner
perturbations observed in experiments [3,4].
[1]
[2]
[3]
[4]

Slutz SA, Herrmann MC, Vesey RA, Sefkow AB, Sinars DB, Rovang DC, et al. Pulsed-power-driven
cylindrical liner implosions of laser preheated fuel magnetized with an axial field. Physics of
Plasmas. 2010;17(5): 056303.
Sinars DB, Sweeney MA, Alexander CS, Ampleford DJ, Ao T, Apruzese JP, et al. Review of pulsed
power-driven high energy density physics research on Z at Sandia. Physics of Plasmas. 2020;27(7):
070501.
Awe TJ, Jennings CA, McBride RD, Cuneo ME, Lamppa DC, Martin MR, et al. Modified helix-like
instability structure on imploding z-pinch liners that are pre-imposed with a uniform axial magnetic
field. Physics of Plasmas. 2014;21(5): 056303.
Seyler CE, Martin MR, Hamlin ND. Helical instability in MagLIF due to axial flux compression by lowdensity plasma. Physics of Plasmas. 2018;25(6): 062711.

(Rutherford Prize 2021) The Liverpool scientific podcast
Laura Corner, and Cara Hawkins
University of Liverpool, UK
The Rutherford Prize-winning activity is an episode of ‘The Liverpool Scientific’ podcast. This podcast was
started in October 2020 by Cara Hawkins, an MPhys student at the University of Liverpool and is based on
the Radio 4 programme ‘The Life Scientific’. In the podcast episodes Cara interviews scientists and engineers
across the university, talking about their research and career. Laura Corner participated in an episode based
on her work and as part of that talked about her research in plasma-based acceleration and the work of the
UK Accelerator Institutes.
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Characteristics of surface waves in a complex plasma containing collision-dominated ion flow
Myoung-Jae Lee, and Young-Dae Jung
Hanyang University, Republic of South Korea
The influence of collision frequency and dust charge on the growth rate of instability of the electrostatic
surface wave propagating at the interface of semi-bounded complex plasma whose constituents are
electrons, negatively charged dust, and streaming ions. It is found that the surface wave can be unstable if
the multiplication of wave number and ion flow velocity is greater than the total plasma frequency of
electrons and dusts. The analytical solution of the growth rate is derived as a function of collision frequency,
dust charge, and ion-to-electron density ratio. It is found that the growth rate is inversely proportional to the
collision rate, but it is enhanced as the number of electrons residing on the dust grain surface is increased.
The growth rate of surface wave is compared to that of the bulk wave.
The opacity of hot, dense matter from a second-order transition approach
Rory Baggott, Steven Rose, and Stuart Mangles
Imperial College London, UK
Understanding the opacity of hot, dense matter is a key requirement, not only for solar and stellar physics,
but also for terrestrial applications, such as inertial confinement fusion. However, recent experiments have
observed opacities in excess of those predicted by state-of-the-art models [1]. This has generated interest in
two-photon processes as a possible source of additional opacity [2,3]. In a dense plasma, a collisional
analogue of the two-photon process also exists, wherein a photon is absorbed simultaneously with an
electron collision [4].
In this work, we demonstrate that two-photon and electron-photon transitions are equivalent to line
broadening by radiation and collisions [5]. This insight facilitates a new approach to opacity calculations,
founded on second-order transitions, which will be particularly appropriate in the opacity windows that
dominate radiation transport. We present calculations using this new approach for solar relevant conditions.
[1]
[2]
[3]
[4]
[5]

J. E. Bailey et. al., Nature 517, 56 (2015).
R. M. More, S. B. Hansen, and T. Nagayama, High Energy Density Physics 24, 44 (2017).
M. K. G. Kruse and C. A. Iglesias, High Energy Density Physics 31, 38 (2019).
V.M. Buimistrov, Physics Letters 30A, 136 (1969).
H. R. Griem, Spectral Line Broadening by Plasmas (Academic Press, New York, 1974).

Effect of non-spherical dusty grains on the phase and group velocities of dust ion-acoustic surface waves in
a Lorentzian plasma
Myoung-Jae Lee, and Young-Dae Jung
Hanyang University, Republic of South Korea
The dispersion relation for a dust ion-acoustic surface wave is kinetically obtained for the semi-infinite dusty
plasma containing negatively charged non-spherical dust grains. We assume that the plasma is non-thermal
and obeys the Lorentzian distribution function which is quite useful to display the plasmas in the high-energy
tail. Non-spherical dust particles are assumed to be cold, but they acquire rotational motion due to the
oscillating electric field or due to their interaction with photons, etc. The result shows that the phase velocity
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of the dust ion-acoustic surface wave can be increased with the dust rotation especially in the range k > 1
where k is the wave number in the unit of electron Debye length. We also find that the phase velocity is
decreased as the non-thermality of the Lorentzian plasma is increased. The group velocity of the dust ionacoustic surface wave behaves differently depending on the range of the wave number. For k << 1, the group
velocity of the surface wave for Lorentzian plasma is slower than that of the Maxwellian plasma. However, for
k >> 1, the group velocity for the Lorentzian plasma is faster than that for the Maxwellian counterpart.
Numerical study of the non-linear phase of the current filamentation instability in electron-ion plasmas
Cinzia Chiappetta1, Maria Elena Innocenti2, Nitin Shukla3, Kevin Schoeffler3, and Elisabetta Boella1
1

Lancaster University, UK, 2Ruhr-Universität Bochum, Germany, 3Istituto Superior Tecnico, Portugal

Understanding the formation of magnetic fields and their amplification is a central problem in astrophysics
and laboratory processes. Previous studies have shown that the current filamentation instability (CFI) is
capable of generating very strong, but relatively small scale magnetic fields in unmagnetized plasmas(1).
Understanding how these fields evolve on long temporal and spatial scales is still an open question with
relevance for both astrophysical and laboratory frameworks.
In this work, we investigate the onset and evolution of the CFI in counterstreaming non-relativistic ionelectron flows with kinetic simulations. The use of a semi-implicit particle-in-cell algorithm(2) allows us to
follow the plasma dynamics up to a few thousand ion plasma periods and thus explore the transition of the
instability from electron to ion scales. After saturation of the instability, the coalescence of the typical
magnetic filaments caused by the CFI leads to a filamentary structure with larger wavelengths. During this
phase, the ion anisotropy continues to decrease at a rate inversely proportional to time. The ion anisotropy
remains significant up until the end of our simulations and appears to continue to sustain the merging
process.
[1]
[2]

L. O. Silva et al. Astrophys. J. Lett. 596, L121G (2003). L. O. Silva et al., Phys. Plasmas 9, 2458
(2002). M. V. Medvedev and A. Loeb Astrophys. J. 526697 (1999).
G. Lapenta et al., J. Plasma Phys. 83, 705830205 (2017). Markidis et al., Math. Comput. Simul.
80, 1509 (2010).

Characterisation of hot electrons in full scale shock ignition conditions
Matthew Khan1, Luca Antonelli1, Kevin Glize2, Nigel Woolsey1, Wolfgang Theobald3, Mingsheng Wei3,
Riccardo Betti3, Stefano Atzeni4, Warren Garbett5, Chikang Li6, and Robbie Scott2
1

University of York, UK 2STFC Rutherford Appleton Laboratory, UK 3University of Rochester, USA, 4Università
“La Sapienza”, Italy, 5AWE, UK, 6Massachusetts Institute of Technology, USA
Shock Ignition is an advanced scheme for laser-driven inertial confinement fusion (ICF) that separates the
compression and ignition phase of an implosion into two distinct parts. The advantages are many, one of the
most important is that fuel is compressed at sub-ignition velocities offering robustness to hydrodynamic
instabilities that plague all forms of ICF. This introduces a new problem, as ignition is achieved with the
launching of a strong spherical shock late in time. This requires the use of lasers at high intensity that must
propagate through a long under-dense plasma corona produced during the compression phase. At full
ignition scales this will be a hot plasma (4-5 keV) with long density length scales (~500 μm), conditions
that are very favourable to the generation of laser plasma instabilities (LPIs) that drive strong plasma waves
and can waste laser energy. Stimulated Raman Scattering (SRS) and Two Plasmon Decay (TPD) are
particularly important LPIs as these instabilities can generate super-thermal, so-called ‘hot’, electrons that
have the potential to degrade the ignition capabilities of the implosion by preheating the fuel before peak
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compression. In order to assess the potential of shock ignition, a detailed understanding of the laser energy
loss and generation of these electrons in conditions as close to full ignition scale as possible is needed.
In a recent campaign on the Omega laser facility, a novel conical target was deployed to achieve nearignition scale conditions. This enables measurements of LPI and their generation of the hot electrons. Time
resolved and integrated measurements at near-ignition scale conditions suggest the hot, long length scale
plasmas are dominated by SRS and with moderate conversion efficiencies. There is relatively little TPD.
These results differ from measurements at smaller length scale which show strong TPD growth. LPIs
dominated by SRS and at moderate conversion efficiencies are positive outcomes proving an encouraging
outlook for shock ignition.
This work was supported by the EPSRC [EP/L01663X/1] and [EP/P026796/1]
Studying nascent proton-driven radiation chemistry in H2O in realtime using laser-based sources
Mark Coughlan, Nicole Breslin, Mark Yeung, Christine Arthur, Hannah Donnelly, Gagik Nersisyan, Steven
White, and Brendan Dromey
Queen's University Belfast, UK
Understanding the effects of ion interactions in condensed matter has been a focus of research for decades.
While many of these studies focus on the longer term effects such as cell death or material integrity, typically
this is performed using relatively long (>100 ps) proton pulses from radiofrequency accelerators in
conjunction with chemical scavenging techniques. As protons traverse a material, they generate tracks
of ionisation that evolve rapidly on femtosecond timescales. Recently, measurements of fewpicosecond
pulses of laser driven protons have been performed via observation of transient opacity induced in SiO2 with
sub-picosecond resolution.
Here we present results showing real-time observation of the solvation of electrons generated due to the
interaction of ionising radiation in liquid water. The role of ionisation tracks and instantaneous dose
deposition on the recovery time of the water is discussed.
Polar direct drive illumination on Orion
Josie Coltman, Warren Garbett, Colin Horsfield, Alex Leatherland, Steve Gales, Mike Rubery, Lucy Wilson,
and Paul Treadwell
AWE, UK
Direct drive implosion experiments are being performed on the Orion laser facility [1]. The reduced number of
laser beams (10), compared to facilities such as OMEGA (60), limits the drive symmetry. The drive symmetry
could potentially be improved using polar direct drive (PDD) [2] where the laser beams are repointed to
produce a more uniform irradiation of the capsule.
This work calculates the non-uniformity of the irradiation on thin shell implosion targets used in the preliminary
direct drive experiments on Orion. Results have been obtained using the VISRAD viewfactor code to simulate
the laser irradiation with and without the PDD technique, and for different focal offsets. The VISRAD modelling
was first verified by direct comparison to the parametric study of Temporal et al [3], before being extended to
include additional specific features of the Orion configuration.
[1]
[2]
[3]
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Investigating the Suppression of Burn in a Magnetized ICF Plasma
Sam O'Neill1, Brian Appelbe1, Jeremy Chittenden1, Chris Walsh2, Aidan Crilly1
1

Imperial College London, UK 2Lawrence Livermore National Laboratory, USA

The pre-magnetization of inertial confinement fusion capsules is a promising avenue for reaching ignition as
the magnetic field reduces electron thermal conduction losses during hotspot formation. However, to reach
very high yields the burn-up of remaining cold fuel must be as efficient as possible. This work investigates
the potential suppression of burn in a magnetized plasma utilizing the radiation-MHD code ‘Chimera’,
developed at Imperial College London. This code includes extended MHD effects, such as the Nernst term,
and a Monte-Carlo model for magnetized alpha particle transport and heating. Simulations are carried out in
planar geometry to investigate burn front dynamics. 1D simulations show a reduction in burn propagation
rate with increasing magnetization. These studies also show the possibility of forming a ‘transport barrier’
where electron magnetization grows faster at the burn front than in the hot fuel, suppressing heat flow
through it. This barrier may grow unstably due to the action of the Nernst effect and magnetic field advection
and lead to further suppression of the burn wave. 2D simulations are also used to study the evolution of this
transport barrier and how it is affected by perturbations at the burn front.
Towards a better understanding of TNSA experiments at the Laser Light Ion beam-Line aided by theory and
numerical modelling
Pablo Jaime Bilbao Santiago1, Elisabetta Boella2, Dario Giove3, and Leonida Gizzi4
1

GoLP and Instituto Superior Técnico, Portugal, 2Lancaster University, Lancaster, UK and Cockcroft Institute,
UK, 3INFN-LASA, Italy, on behalf of the L3IA collaboration, 4Intense Laser Irradiation Laboratory, Italy and
INFN, Italy, on behalf of the L3IA collaboration
The latest laser-driven ion acceleration experiments have shown the capability to produce high-intensity
proton beams with energies of the order of 100 MeV via the mechanism known as Target Normal Sheath
Acceleration (TNSA) [1, 2]. Despite being the most robust ion acceleration scheme proposed so far,
promising practical applications are limited by the stability of the acceleration parameters and the lack of
control of the spectral and angular properties of the TNSA accelerated beam. In order to tackle these
challenges, we have combined theory, numerical modelling and experiments. This work reports on
multidimensional kinetic simulations modelling recent experimental results obtained at the Laser Light Ion
beam-Line (CNR, INFN, Italy). Realistic three-dimensional simulations performed under the same
experimental conditions granted us a deep comprehension of the role of the pre-plasma. Indeed,
comparison of the ion cut-off energy obtained in simulations and experiments allowed for extrapolating the
scale length of the pre-plasma in the experimental case. Finally, computationally cheaper two-dimensional
parameters scans were used to infer the role played by different parameters (target ionization, target
thickness, contaminant layer, ...) with low experimental control on the electron heating and final ion
acceleration.
[1]
[2]
[3]

Wagner, F., et al., Phys. Rev. Lett. 116, 205002 (2016).
Higginson A, et al., Nat. Commun. 9, 724 (2018).
Gizzi L.A., et al., Nucl. Instrum. Methods A909, 160 (2018).
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Simulations of OMEGA Direct-Drive Experiments using refractive rays and a simplistic LPI model
Alun Rees, Alun Rees, Tony Arber, Keith Bennett, and Tom Goffrey
University of Warwick, UK
A series of experiments on the OMEGA laser facility in 2019 investigated the feasibility and performance of
the Shock-Ignition Inertial Confinement Fusion (ICF) schemes. In this research, we assess the capability of
2D ALE simulations to replicate experimental observations. A comparison of the experimental and synthetic
implosion results is made, highlighting sources of discrepancies and how we these can be accounted for. In
addition, we look at the effect of laser symmetry, how target offset affects the implosion of the capsule and
their impact on the values of key performance metrics such as yield and rhoR.
Magnetised transport in a laser generated plasma
Adam Dearling1, Christopher Arran1, Philip Bradford1, George Hicks2, Saleh Al-Atabi2, Luca Antonelli1, Oliver
Ettlinger2, Matthew Khan1, Kevin Glize3, Margaret Notley3, Chris Walsh2, Robert Kingham2, Zulfikar Najmudin2,
Chris Ridgers1, and Nigel Woolsey1
1

University of York, UK, 2Imperial College London, UK, 3STFC, UK

The effect of strong magnetic fields in some laser-plasma systems is not sufficiently well understood to
predict experimental outcomes. Measuring the magnetic field as an intense laser heats a nitrogen gas, we
find it evolves much faster than is predicted by ideal magneto-hydrodynamic (MHD) models where the
magnetic field is “frozen-in” to the plasma. Our measurements provide tests of extended MHD models that
include, for example, the Nernst effect, and allow us to identify the conditions in which both ideal and
hydrodynamic descriptions of the plasma fail. This then allows us to begin addressing the effects of
magnetisation in laser-driven implosions, and whether an applied magnetic field could relax the conditions
required to achieve ignition.
Time resolved imaging and spectroscopy of self-colliding confined laser plasmas in air
Mossy Kelly1, Lazaros Varvarezos2, John Costello2, and Stephen Davitt2
1

Galway-Mayo Institute of Technology, Ireland, 2Dublin City University, Ireland

Both broadband and filtered time-resolved fast imaging measurements are reported in order to obtain insight
into the expansion dynamics of laser plasmas plasmas formed on the various flat and V-channel targets
(90°, 60° and 30°) [1]. The findings from the broadband measurements at early stages, suggest a twocomponent expansion. A rapidly expanding plasma front and the slower primary plasma. At a time delay of ≈
60 ns the primary plasma takes over as the plasma front decays. The plume expansion data were fitted
using two different plasma expansion models. Upon decreasing target angle, the point explosion model
yielded higher energy, as a result of the increasing initial velocity. At longer time delays the expansion was
described by the drag force model, with the V-channel targets showing greater final stopping distances than
the flat target.
Around 160 ns, the 90° and 60° V-channel targets were seen to form two distinct components, the
stationary plasma and the plasma lobe. The stationary plasma was present at the location where one would
expect the stagnation layer arising from the collision of two plasmas formed on the inner walls of the target
to form. Furthermore, it was found to exhibit many of the characteristics, expected from a stagnation layer.
However, further investigation and plasma diagnostics would be required in order to confirm the role of such
stationary plasmas as proxies for stagnation layers.
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Results from the spectrally filtered measurements showed the presence of a spatial distribution of the
various species within the plasmas, with the Al2+ species moving towards the leading edge of the plasma
while the neutral Al species tended to stay close to the target surface in each case. The Al+ ions were seen to
bridge these regions with a good distribution over the length of the plasma while showing a slight preference
towards the leading edge. Some evidence for forced recombination was obtained, with the plasma from the
V-channel targets showing spots of intense Al emission due to interactions with the target walls. Time
resolved spectroscopy measurements further support the findings of the fast imaging. Specifically, the
space resolved spectra recorded along the direction that corresponds to the expansion of the plasma plume
indicate the presene of two components in the plasma plumes formed in the V-channel targets. In addition,
similar measurements recorded along the interface region between the two plasma components highlight the
presence of forced recombination.
[1]
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Streaming instabilities in a convergent geometry
Lucas Inigo1, Bernhard Ersfeld1, Samuel R Yoffe1, Robert A Cairns2, and Dino A Jaroszynski1
1

University of Strathclyde, UK, 2University of St. Andrews, UK

Theory and simulations predict that electron populations in relative motion are subject to streaming
instabilities, which produce density modulations. The most important examples are the two-stream and the
current filamentation instabilities, with electrostatic and magnetic coupling, respectively. While these
instabilities are usually studied for (initially) homogeneous situations, we consider here a geometry where
electron streams converge. The electrons are modelled as relativistic, cold charged fluids in two dimensions,
flowing radially in- and outwards, respectively. For fixed frequency and azimuthal mode, this results in a set
of coupled differential equations for the radial dependence of perturbations of the densities, velocities, and
electromagnetic fields, which have been solved numerically. Analysis of the eigenvalues shows the presence
of instabilities and the corresponding spatial and temporal growth rates. Furthermore, particle-in-cell
simulations of two radially counter-moving ring-shaped electron bunches of finite width have been
performed. A small initial azimuthal density modulation on one bunch has shown to induce a corresponding
modulation on the other, previously unmodulated bunch. A fast-Fourier transform shows a simultaneous
growth of both modulation amplitudes indicates the presence of the current filamentation instability. The
temporal growth rates calculated from the simulations approximate the maximum predicted by the semianalytical theory; the differences are due to the simulations modelling finite bunches.
Development of a helicon-produced-plasma apparatus for parametric wave coupling experiments
K Wilson1, L Selman1, C Whyte1, A D R Phelps1, R A Cairns2, R Bingham3, S Eliasson1, M E Koepke4, C W
Robertson1, A W Cross1, D C Speirs1, and K Ronald1
1

SUPA and University of Strathclyde, UK, 2University of St. Andrews, UK, 3STFC Rutherford Appleton
Laboratory, UK, 4West Virginia University, USA
Parametric instabilities present a hurdle to the problem of heating fusion plasmas. The Raman instability can
cause preheating of inertial confinement fusion pellets, leading to decreased absorption at the resonant
critical surface, while the Brillouin instability can backscatter the laser beams out of the plasma, decreasing
absorption of the incident beam energy [1]. Parametric instabilities may also present problems to the
powerful microwave signals required for heating and current drive in magnetically confined plasmas. Multiwave coupling processes may present new opportunities for introducing energy into the plasma. These may
be particularly important for the overdense plasmas found in spherical aspect ratio tokamaks. To develop an
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understanding of how high intensity parametric instabilities can affect these important applications, a new
helicon experiment is being developed at Strathclyde.
Helicons [2] can produce a relatively high-density, low temperature (up to 1018 m-3, a few eV) plasma by
launching a modest power RF signal (helicon waves are essentially bounded RF whistlers in cylindrical
geometry [3]) along a static magnetic field. A helicon plasma is therefore suited to the investigation of
parametric interactions at microwave frequencies (around 10 GHz) associated with the excitation of
magnetised and un-magnetised plasma oscillations. With a large, tenuous plasma it is possible to undertake
detailed diagnostics using Langmuir and RF probes, microwave interferometry and retarding-field energy
analysers. These can measure density profiles, electron temperature and ion energy distributions as well as
the perturbations to these parameters caused by the microwave signals.
The apparatus has a 3 m long, 1 m diameter cylindrical stainless-steel vacuum vessel, with 8
electromagnets providing a 2 m region of flat (or profiled) static magnetic field up to 87.5 mT. A dielectric
window at one end will allow for a flat spiral antenna to excite the azimuthally symmetric helicon wave. The
vacuum vessel has 8 large ports that enable access for the microwave coupling experiments. Various
microwave sources capable of providing the normalised intensities required have been identified; TWT
amplifiers providing 9kW at 8-10 GHz, magnetron oscillators producing 25kW in the 9-9.5 GHz range will be
used initially with an option of dispersive pulse compressors enabling wideband signals having peak powers
of up to 200kW. Carefully controlled wideband chirps are also possible. These sources are predicted to
produce an a0 of 4x10-4-2x10-3 in the helicon discharge, comfortably above the threshold a0 ≈ 10-5 required
for the instabilities of interest. Further developments will make use of fast wave amplifiers and relativistic
backward wave oscillators to raise intensities to a0 ≳ 0.1. Complementing the large ports are ≈ 100 small
diagnostic ports distributed axially and azimuthally which combined with radially translatable probes will give
the planned diagnostics near arbitrary access to any point in the plasma.
[1]
[2]
[3]
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Correlation of electron property measurements and hydrogen emission measurements in low temperature
edge plasmas close to divertor-like materials
Ella Fox-Widdows, and Mark Bowden
University of Liverpool, UK
The aim of this project is to combine measurements utilising Langmuir probes correlated with Hydrogen
plasma emission measurements in the University of Liverpool ICP discharge plasma source. By submerging
divertor-like materials into the plasma, such as Carbon and Tungsten and nanostructured Tungsten, via a
sample heater mount, the material temperature and surface conditions in conjunction with the plasma
conditions will be varied, and an analysis of the measurements taken will then give an insight into how
plasma and material conditions influence atomic and molecular emission.
Plasma parameters including electron density, electron temperature and electron energy distribution
function for a range of conditions will be coupled with atomic and molecular emission data to investigate
plasma surface interactions and the key plasma processes in tokamak divertors. For these experiments, the
pressure and power is varied from 0 to 10 Pa and 10 to 500W respectively, and the resulting plasma
parameters and atomic and molecular emission intensities will be analysed to give conclusions on key
atomic and molecular reactions within low-temperature plasmas. The emission intensities over a wide range
of wavelengths will be collected, focusing on H-alpha, H-beta and Fulcher Band emission intensities. This
data will then be compared with a variety of collected electron properties, for densities spanning between, 1
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x 1016 to 1 x 1018 m-3 and electron temperatures in the range of a 1-6 eV to build up a large database of
conditions.
Using the information from these experiments, the effect of different material surface conditions on plasma
parameters and plasma emission will be diagnosed which will then contribute to research on key atomic and
molecular processes in plasma detachment. The preliminary results from these experiments will be
presented alongside a plan for future experiments studying plasma emission in the MAST-U divertor later this
year.
Electrical characterization of phase shifted multi-electrode plasma jet
Robert Gillies, and Kirsty McKay
University of Liverpool, UK
The use of low temperature atmospheric pressure (LTAP) plasma for metrology applications, such as mass
spectrometry has grown in popularity in recent years, however its wider uptake has been limited by aspects
of safety, such as the high voltages required in the kHz regime to breakdown different gases. In an attempt to
address this issue, we have designed and tested a multi-electrode system which reduces the applied
voltages on individual electrodes, while still achieving breakdown of the gas. By phase shifting the applied
voltage on one of the electrodes we are able to achieve self-breakdown and sustain a stable plasma in a jetlike configuration. By reducing the applied voltage on each electrode we minimize the risk of arcing and
other potential safety concerns. Here we will present the electrical characteristics of the multi-electrode
system under a variety of discharge conditions and compare the results to single and dual electrode systems
(not including a phase shift). Subsequently, we will demonstrate that the multi-electrode approach is highly
effective for gas breakdown (while maintaining lower applied voltages) and can handle higher concentrations
of N2 in the gas mixture, relative to traditional electrode setups.
Optical emission spectroscopy of an air fed DBD plasma device
Phillip Thomas1, Andrea Lucca Fabris1, Thomas Wantock2, Gavin Sandison2, Thomas Harle2, and Eirini
Velliou1
1

University of Surrey, UK, 2Fourth State Medicine Ltd, UK

An atmospheric pressure DBD plasma source intended for the controlled production of Reactive Oxygen and
Nitrogen Species for biological applications, supplied by Fourth State Medicine Ltd, was investigated using
optical emission spectroscopy to determine the energetic transitions within the discharge region. An
electrochemical sensor was also used to determine the concentrations of NO, and a combined count of NO2
and O3. The plasma source was run on compressed air within a flow range of 1.0 – 5.0 L/min for
spectroscopy, and 0.1 – 1.0 L/min for the electrochemical sensor, to determine whether the rate of airflow
would have any affect on the appearance of the spectrum, intensities of the bands observed or the
concentrations of species. Various band heads from both the First and Second Positive System of N2 were
observed, maintaining a persistent intensity throughout the flow rates tested. The NO γ band was also
observed, with a maximum observation at 1 L/min, quickly dropping off to almost 1/3 of this by the 3 and 5
L/min trials. The concentration of NO saw its peak of 1100 ppm at the lowest flow, 0.1 L/min, and dropped
to a local minimum at 1.0 L/min. NO2 and O3 saw a peak of 400 ppm, also at 0.1 L/min, dropping to its
local minimum at 0.5 L/min. There was no observation of either the First Negative System of N2, or of the
OH A-X band, which are both predominant in other air-fed, atmospheric pressure discharges.
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Agglomerated particle – microsphere. Model representations
Oleg Volokitin, and Valentin Shekhovtsov
Tomsk state university of architecture and building, Russia
The analysis of the published theoretical and experimental studies has shown that insufficient attention has
been paid to the mechanism and ongoing physical processes in the formation of hollow microspheres based
on the ash type of raw material. In this regard, it is relevant to study the conditions for the formation of
microspheres based on refractory oxides in a thermal plasma flow and to establish regularities, which will allow
expanding the production of microspheres with increased physical and mechanical characteristics.
In contrast to the known models of the formation of hollow particles based on agglomerated particles, the
paper proposes a variant that takes into account the partial encapsulation of the gas by taking into account
closed and open pores in a porous particle (αП), where the value of α can vary in the range α = 0 ÷ 1. When
a particle enters a plasma jet, the particle goes through four stages.
І. Particle heating from the initial temperature T0 to the melting temperature Tmelt. At this stage, the gas phase
- the air contained in the pores, expands and exits through the open pores of the particle.
II. Formation of the primary outer shell δ1. When a porous particle is heated to Tmelt, a liquid shell of fused
grains is formed. This shell encapsulates a certain mass of gas. The material inside the primary particle melts
and under the action of gas pressure and surface tension is deposited on the inner surface of the liquid shell.
ІІІ. Formation of the final shell δfin. When the particle is heated from Tmelt to the final temperature Tfin, the
pressure in the gas cavity will increase, which will lead to an increase in the diameter of the hollow particle
and a decrease in the thickness of its shell. The final temperature must not exceed the evaporating temperature
Tfin<Tvap. In this case, the outer and inner diameters of the hollow particle Dfin, dfin and the shell thickness δfin
are formed under the action of three forces: the gas pressure inside the shell p; surface tension σp; external
pressure p0. The determination of the values of the diameter of a hollow particle and the thickness of its shell
is carried out from the condition of the balance of these forces.
IV. Cooling of the shell after leaving the plasma jet zone.
Pseudospark sourced electron beam & its application in compact, high power mm-wave sources
Adrian Cross1, Liang Zhang1, Huabi Yin1, Kevin Ronald1, Alan Phelps1, Wenlong He2, Xiaodong Chen3, and Jin
Zhang3
1

University of Strathclyde, UK, 2Shenzhen University, China, 3Queen Mary University London, UK

The pseudospark (PS) discharge is a form of low-pressure gas discharge. By using a hollow cathode structure,
the PS discharge system can produce electron beam pulses with current density up to 104 A/cm2 and
brightness up to 1012 A/(m2rad2) 1,2. The generated electron beam will ionize the background gas to generate
an ion channel. At the proper discharge condition, the ion channel is able to focus the electron beam and
leads to long distance propagation without the need of an external magnetic field3. These unique features
make the PS discharge beam an excellent electron beam source for millimetre-wave generation4.
Various experiments were carried out to demonstrate the application of PS discharge beam to generate highpower millimetre-wave radiation, including using a pseudospark-sourced sheet electron beam (PS-SEB) to
drive a planar slow wave extended interaction oscillator (EIO) structure. At W-band, the PS-SEB based EIO
produced ~1.2 kW peak output power at 105 GHz, which is about 6 times higher than driven by a
pseudospark-sourced pencil electron beam5. At 200 GHz, peak output power of 20 W was measured in the
experiment. The PS discharge beam offers a promising solution for portable, low-cost and powerful millimetrewave and terahertz-wave radiation sources6.
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Research on PS-SEB driven EIO at higher frequency at 350 GHz is under investigation. To achieve higher
interaction efficiency and to better understand the properties of the generated electron beam, the discharge
process was simulated by a 2D particle-in-cell method. Key physics processes, including the gas ionization,
secondary electron emissions, and external charging capacitance, are considered in the simulation to
investigate their impacts to the discharge time and current density. The EIO beam wave interaction structure7
was also designed and will be experimental studied.
[1]
[2]
[3]
[4]
[5]
[6]
[7]

J. Christiansen and C. Schultheiss, “Production of high-current particle beams by low-pressure spark
discharges”, Z. Physik A, 290, pp. 35-41, 1979.
H. Yin, et al., "Single-gap pseudospark discharge experiments," J. Appl. Phys., 90, pp. 3212-3218,
2001.
D. Bowes, et al., "Visualization of a Pseudospark-Sourced Electron Beam", IEEE Trans. Plasma
Science, 42, (10), pp. 2826-2827, 2014.
W. He, et al., “Generation of broadband terahertz radiation using a backward wave oscillator and
pseudospark-sourced electron beam,” Appl. Phys. Lett., 107, 133501, 2015.
G.X. Shu, et al, “Study of a sub-THz Extended Interaction Oscillator Driven by a PseudosparkSourced Sheet Electron Beam”, IEEE Trans. on Elect. Dev., 63, pp. 4955-4960, 2016.
J. Zhao, et al, “Experiments on W-band extended interaction oscillator with pseudospark sourced
post-accelerated electron beam,” Phys. Plasmas, vol. 24, no. 7, pp. 060703-1-4, 2017.
J. Xie, et al, “Study of a 0.35 THz Extended Interaction Oscillator Driven by a Pseudospark-Sourced
Sheet Electron Beam,” IEEE Trans. on Elect. Dev., accepted.

Equilibria modelling of divertors in high field spherical tokamaks using high temperature superconductors
with a free-boundary Grad-Shafranov solver
Chris Marsden
Tokamak Energy Ltd, UK
Tokamak Energy is a private company developing fusion reactors based on two emerging technologies:
spherical tokamaks (STs) and magnets made from high temperature superconductors (HTS).
STs are characterised by low plasma aspect ratio, A ≤ 2, as well as large elongation, κ ≥ 2. This geometry
has several benefits in moving toward the development of a commercial fusion reactor. Firstly, the geometry
supresses pressure-gradient driven (ballooning) instabilities, enabling a higher plasma β to be achieved. β
acts as a figure of merit for how efficiently magnetic pressure translates into plasma pressure, a key factor in
achieving fusion relevant conditions. Such a shaped plasma can be elongated with less additional
stretching, reducing susceptibility to the onset of vertical instabilities. A higher bootstrap current fraction is
also achievable; this increases with elongation, which is naturally higher in STs, reducing the need for
expensive external current drive.
HTS allows for the production of stronger magnetic fields at a given temperature, with current density limits
of these materials being higher than in regular superconductors. This current density limit allows for the
production of high field strengths using magnets with a compact form factor, with the increased field strength
yielding an improved energy confinement time.
Tokamak Energy is currently exploring the ST geometry on ST-40, the world’s first high field ST, and is in the
process of designing its next fusion device, ST-F1. This device seeks to demonstrate the viability of the high
field ST with HTS magnets approach to fusion power, and will incorporate advances made in ReBCO HTS
technologies, developed in-house at Tokamak Energy.
Equilibria studies are currently being undertaken to model what the plasma in this device might look like
using a free-boundary Grad-Shafranov solver, FreeGS. This code solves the Grad-Shafranov equation, a 2D
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PDE used to model the plasma’s poloidal cross-section, in a ‘free-boundary’ equilibrium, wherein both the
plasma profiles and shape are obtained as part of the solution. The work presented here is an initial concept
study of a device representative of ST-F1, using FreeGS, looking at the divertor magnetic topology. For
tolerable divertor heat loads to be achieved, large expansion of magnetic flux surfaces in the short-legged
divertor region are being explored, in tandem with advanced divertor geometries. In order to minimise
divertor heat fluxes, field shaping must be undertaken by external coils in a compact region, enabled by our
HTS magnet technologies. The exhaust plasma loosely follows magnetic field lines embedded in these flux
surfaces, and hence a widening apart of the surfaces in front of the divertor plates will increase the footprint
of the exhaust channel, lowering the incident heat flux. Initial concept studies of a range of divertor
topologies in ST-F1 are underway and presented herein.
Optimising the design of a new turbulence probe for MAST-U
William Fuller1, Scott Allan2, Bogdan Hnat1, and Nick Walkden2
1

University of Warwick, UK, 2UKAEA/CCFE, UK

With MAST-U’s first plasma achieved in November 2020 and one of the key aims of the first experimental
programme is to study exhaust physics, there is strong motivation to develop a new Langmuir probe designed
specifically for studying turbulence effects in the exhaust region of MAST-U. A versatile probe design will be
validated synthetically on a variety of turbulence simulation data. This study uses both a simple 2D HasegawaWakatani drift wave model alongside a 3D stochastic filament model to test the fidelity of measurements made
and to optimise the design of the probe. The probe will be able to directly measure the electric potential of the
plasma utilising two ball pen probes [1] in close proximity to a five-pin balanced triple probe array [2].
Additionally, logarithmically spaced probes in the poloidal direction will allow an increased scale resolution
for detection of various turbulence modes. Included are two radially offset probes close to some non-offset
probes adding additional radial dimensionality. The results of this synthetic analysis will be compared between
different probe designs to understand the efficacy of measurements made, and to determine an optimal design
before the probe is fabricated. There is scope for additional future simulation studies using the STORM2D
module of the BOUT++ model to increase the range of physics models considered, alongside experimental
data to aid in validation of the final design.
[1]
[2]

N.R. Walkden et al, Rev. Sci. Instum, 86, 023510 (2015)
H.Y.W. Tsui et al, Rev. Sci. Instrum. 63, 4608 (1992)

This work has been carried out within the framework of the EUROfusion Consortium and has received funding
from the Euratom research and training programme 2014-2018 and 2019-2020 under grant agreement No
633053. The views and opinions expressed herein do not necessarily reflect those of the European
Commission.
Kinetic modelling of transport in scrape-off layer plasmas
Dominic Power1, Stefan Mijin1, Fulvio Militello2, and Robert Kingham1
1

Imperial College London, UK, 3Culham Centre for Fusion Energy, UK

Results will be presented from kinetic simulations of parallel transport in tokamak scrape-off layer plasmas.
Understanding transport in the scrape-off layer is crucial to managing heat loads to the walls. Compared to
experimental results, there are discrepancies in the predicted plasma conditions close to the walls from
commonly used fusion edge plasma fluid codes. There is an understanding that this may in part be
explained by kinetic effects not captured in fuid models. Simulations have been carried out with the code
SOL-KiT, which features a kinetic and fluid electron model (for self-consistent comparisons) along with fluid
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ions and neutral atoms. This has been used to study transport along the magnetic field lines in both steadystate and transient regimes. It is shown that enhanced energy transfer between electrons and ions occurs
when electrons are treated kinetically, which may only partially be explained by an additional population of
cold electrons arising from neutral ionization. In addition, kinetic effects in detachment have been explored.
Abel inversion of soft X-ray fluctuations associated with fast particle-driven fishbone instabilities in MAST
plasmas
Ken McClements1, Jacob Young2, and Clive Michael3
1

United Kingdom Atomic Energy Authority, UK, 2University of Bath, UK, 3University of California Los Angeles,
USA
Plasmas in the Mega Amp Spherical Tokamak (MAST) were heated through the injection of neutral beams
which, when ionized, generated supra-thermal ions. These excited a range of instabilities, including bursting
modes with toroidal mode number n =1 whose high frequency (several tens of kHz) combined with a rapid
rise and decay in mode amplitude (on a timescale of typically 2-3ms) has led to them being referred to as
“fishbones”. The mode frequency rapidly drops (“chirps”) during the burst to a value comparable to the
plasma rotation frequency. During this chirp fast ions are expelled from the plasma core in which the mode
is excited. Fishbones can be detected using coils outside the plasma and through fluctuations in soft X-ray
(SXR) emission detected using a set of cameras each of which has a range of lines-of-sight. The tangential
camera has horizontal lines-of-sight in the plasma midplane. The SXR emission is optically thin thermal
bremsstrahlung, and in the case of the tangential camera the steady-state (axisymmetric) line-integrated
intensity is an Abel transform of the local emissivity, treated as a function of the tokamak major radius, R.
Non-axisymmetric (n = 1) SXR emission associated with fishbones can also be represented as an Abel
transform of the local fluctuating emissivity, which can thus be obtained from the measured intensities for
different lines-of-sight by evaluating the inverse transform. Some loss of accuracy in the inversion is
inevitable due to the number of lines-of-sight being finite, and some of these cannot be used in any case
due to calibration issues. A digital demodulation technique is used to remove the carrier frequency from the
soft X-ray measurements and to determine the phase of the oscillation for different lines-of-sight. This makes
it possible to optimize the photon statistics and to obtain a snapshot of the fishbone eigenfunction in the
midplane. Results have been obtained for fishbones in several pulses, and a generic pattern of behaviour
has emerged. Early in the burst, the “phase axis”, at which the mode amplitude changes sign, lay at R »
1.05m, whereas later in the burst the phase axis moved inboard to a major radius comparable to that of the
magnetic axis Rmag~ 0.9m A possible explanation of this behaviour is as follows. When first excited, the
fishbone is an energetic particle mode (EPM) rather than an MHD mode. Its properties are determined by a
fast ion population that is rotating toroidally in the co-current direction at about 2000 kms-1. In the fast
particle rest frame, the effective magnetic flux surfaces are shifted outboard [1], along with the phase axis of
the EPM. Later in the burst many of the fast ions are ejected from the plasma core by the fishbone, which
thus undergoes a transition to an MHD mode, with a phase axis comparable to Rmag. Abel inversion of the
fishbone SXR emission thus provides insights into the complex interaction of fast ions with the plasma.
[1]

K. G. McClements & R. J. McKay, Plasma Phys. Control. Fusion 51, 115009 (2009)
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Simulation of kinetic ballooning instabilities and electromagnetic turbulence in fusion plasmas
Robert Davies
University of York, UK
The performance of magnetically confined fusion plasmas is strongly linked to the transport of heat and
particles arising from plasma turbulence. The Kinetic Ballooning Mode (KBM), an electromagnetic instability,
is likely to be strongly driven both in high-beta fusion devices (where the ratio of plasma pressure to
magnetic pressure is large) and the “pedestal” regions (regions of sharply varying pressure) of low-beta
machines. It is therefore desirable to characterise the KBM stability, and to assess its role in driving
electromagnetic turbulence in fusion plasmas. In this work, we quantitatively describe the KBM using local
linear gyrokinetic simulations, and compare it to simplified approximations to elucidate its fundamental
properties. The role of KBMs in driving electromagnetic turbulence in modern fusion plasmas is also
discussed.
Impact of plasma physics constraints on performance and system parameters of a tokamak fusion system
Bong Guen Hong
Chonbuk National University, South Korea
An optimal radial build and system parameters of a tokamak reactor were found by utilizing a simulation
method which couples a conventional tokamak plasma analysis and a radiation transport analysis. Plasma
physics and tokamak engineering constraints, which were moderately extrapolated from the ITER model were
self-consistently incorporated, together with neutron impacts on shielding and tritium breeding capability.
The minimum major radius to produce a desired fusion power was determined not only by the requirements
on the shielding, but also by the requirements on the tritium breeding and the magnetic ﬂux density at the
toroidal ﬁeld (TF) coil. As the aspect ratio increased, contribution to tritium breeding from the inboard
blanket increased and the minimum major radius and the system size increased as the inboard blanket
thickness increased to meet the requirements for tritium self-suﬃciency. The TF coil bore radius also
increased to meet the requirements for the magnetic ﬂux density at the TF coil and thus the space for a
central solenoid to provide volt-second for a plasma current ramp-up increased. The auxiliary heating and
current-drive power for the given fusion power increased and the fusion energy gain Q decreased.
Monte Carlo simulation of divertor heat flux for spherical tokamaks in the low recycling regime
James Bland, Peter Buxton, and Steven McNamara
Tokamak Energy, UK
Tokamak Energy is a privately funded company with the mission to deliver a faster more compact route to
fusion. Estimation of the peak heat flux in the divertor region is an important consideration in the design of
fusion reactors. The low recycling regime (hot plasma edge; low edge density) has the potential to increase
the thermal energy confinement time [1-2]. An additional benefit that has not been deeply explored is the
potential to reduce the peak heat flux level by a factor of 25-50 compared to a conventional divertor [3]. This
work estimates the heat flux within the ST40 spherical tokamak (3T toroidal field, 40 cm major radius),
assuming a low recycling regime.
In a low recycling regime, the collisionality within the scrape off layer is low. When modelling the scrape off
layer we neglect particle collisions and simply track the particles using a Monte Carlo approach. To improve
numerical accuracy, we follow the guiding centre using a Lie transformed Lagrangian [4], with the plasma
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equilibria produced using the FIESTA equilibrium code [5]. The initial velocities of particles were sampled from
a Maxwellian distribution, for temperatures in the range of 0.1-10 keV. The particles’ location is initialised
outside the last closed flux surface on the outboard midplane, sampled from an Eich like exponential
distribution [6]. For particles which intersected the divertor, the last time steps were repeated using the Lorentz
formula to account for broadening due to finite Larmor radius effects. There is also a substantial population
of particles which are banana trapped within the scrape off layer (Fig. 1), for these particles we assume that
they will eventually distribute their energy evenly over the first wall (i.e. not included in divertor heat flux
calculation). Figure 2 shows an increased total heat flux asymmetry between the top and bottom walls due to
the upward direction of the particle drift and the proportionate relationship between temperature and the
banana orbit width. The peak heat flux decreases from approximately 5.3-2.9 MWm-2, as the particle
distribution temperature is increased from 0.1-10 keV. Such results highlight the importance of incorporating
neoclassical effects in reactor design models.
These preliminary findings produce a reduction in peak heat flux by a factor of 2.8, which is notably lower than
originally stated [1]. Further reductions in peak heat flux may be observed by moving to smaller wall elements,
although this would require increased number of particles to maintain particle flux statistics. In addition,
incorporating the temperature dependence of trapped particles collisionality may reduce the number of
trapped particles for low temperature distributions, effecting the divertor heat flux. A comparison should also
be made with field line tracing algorithms.
[1]
[2]
[3]
[4]
[5]
[6]

Keilhacker, M., et al. Plasma Physics and Controlled Fusion(1984)
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K-edge shifts in shock compressed warm dense matter
David Riley, Steven White, David Bailey, Rachel Irwin, Cormac Hyland, Richard Warwick, and Nicole Breslin
Queens University Belfast, UK
In recent years there has been a resurgence of interest in ionisation potential depression in dense plasmas
as a result of published experiments that either supported or contradicted the long established Stewart-Pyatt
model. In this talk we will present data on the K-edge shift of Chlorine in shock compressed targets. Analysis
of the edge position indicates the importance of accounting for the interaction of the photo-ionised electron
with the dense plasma environment in determining a spectroscopic ionisation potential depression. We
compare the data to modelling based on the work of Crowley [1] and find good agreement.
[1]

BJB Crowley HEDP 13 84 (2014)

47th IOP Plasma Physics
Conference
A self-confined high-power Cherenkov oscillator operating at high frequency
Philip MacInnes1, Simon Cooke2, Igor Chernyavskiy2, Kevin Ronald1, and Alan Phelps1
1
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We present initial predictions for the performance of a novel microwave source, in form of a high-power
Cherenkov oscillator, that operates with no externally applied magnetic insulation of the propagating
electron beam; i.e. the source relies solely on the self-fields of the electron beam for propagation. The result
being that the conversion efficiency - that is, the energy extracted from the electron beam to the growing
electromagnetic wave - is closely linked to the overall energy efficiency of the source.
Appearing similar in construction to the conventional, magnetically insulated, relativistic Backward-Wave
Oscillator (BWO), the source has been termed a Self-Insulating BWO (SIBWO). Conversion efficiencies in
excess of 30% have been predicted in simulation, using CST Studio Suite, corresponding to output powers in
excess of 300MW from a 500keV, 2kA electron beam, operating in the expected TM01 mode at ~9.4GHz.
As the operation of the source is intrinsically tied to the quality of the propagated electron beam, a tolerance
study has been performed, varying the critical beam parameters over the range expected in experiments. The
results show the efficiency remains better than ∼20%, even when operating with a relatively poor-quality
beam (for e.g. showing large angular spread). Examination of the effect of variation in the mean beam
energy, over an extended range of 400 - 600keV, showed the efficiency of the source remaining above 20%,
across this range.
Pair production rate in a thermal bath by thermal quantum field theory
Wei Wu
Imperial College London, UK
The linear Breit-Wheeler pair production is likely to be observed from the recent experiment. However, it requires
high energy photons, and it has a predictable low reaction rate. On the other hand, the Schwinger pair production
only by a constant electric field is also hard to be observed under the current experiment condition. The multiple
photons involved process, a thermal bath, is a possible way to make the production rate significant enough to be
observed any time soon.
Thomas Weaver's has done the relevant research in the 1970s, where he calculated the production rate
semi-classically. The semi-classical calculation is extremely complex and ineffective. Regarding the weak
interaction between photon and electron, in a nearly thermal equilibrium state, we can ignore the
recombination of the process and then easily redefine propagators in a thermal bath. Therefore, we
investigate the electron-positron pair production rate in a thermal photon background using finitetemperature Schwinger-Keldysh Formalism from thermal quantum field theory. And we compare our
calculation result with Weaver's semi-classical calculation result in tree level and one thermal loop level. We
find the calculation results of the production rate are the same at the tree-level. However, with the one-loop
correlation, the thermal effect becomes dominant at some temperature region. Therefore, the three input
photons process is also investigated to understand the turning temperature in the thermal bath. We can
argue that thermal QFT is an effective method to do temperature involved quantum process calculation,
especially in the low-temperature region. Furthermore, it is the solid step for further pair production studies
like the dynamically assisted Schwinger pair production and a thermal bath or the non-thermal pair
production in extremely cosmology condition.
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Relativistic mid-wavelength infrared pulses generated in intense-laser mass-limited target interactions
Junfan Qu1, Ross Gray2, Xiaofeng Li3, Paul McKenna2, Shigeo Kawata4, and Qing Kong1
1

Fudan University, China, 2University of Strathclyde, UK, 3Shanghai Jiaotong University, China, 4Utsunomiya
University, Japan
Infrared spectroscopy, ultrafast x-ray high harmonic generation, and time-resolved imaging of molecular
structures benefit from the availability of intense mid-infrared wavelength pulses. Here we present a new
approach to generating these, in which an intense short laser pulse is incident upon a near-critical density,
spherical, mass-limited carbon target. After the laser pulse interaction, the carbon ions produced form a
central force field. Plasma electrons accelerated by the laser return to the positively charged carbon target
under the action of this field. The energy of these electrons is reduced and is lower than their energy in the
laser field. These low-energy refluxing electrons start to oscillate with a rotating figure-of-eight motion around
the positively charged carbon target and emit relativistically intense mid-infrared pulses with the wavelength
in the range 1 to 4 μm.
Investigation of electron transport properties of two-temperature Argon-Helium thermal plasma
Rohit Sharma
Satyam Institute of Engineering & Technology, India
Electron transport properties of Argon-Helium thermal plasmas have been studied within the framework of
the Chapman-Enskog method in the temperature range 5000-40000K at pressure 5 atm. Here, two cases of
thermal plasma have been considered; the ground state plasma in which all the atoms and ions are
assumed to be in the ground state and the excited state plasma in which atoms and ions are distributed over
various possible excited states. The influence of electronic excitation and non-equilibrium parameter θ= Te/Th
has been examined on higher-order contribution to electrical conductivity and electron thermal conductivity.
It is observed that the higher-order contributions of these transport properties are affected by both the nonequilibrium parameter θ and the inclusion of electronically excited states (EES).
Plasma corona discharge in wire-to-cylinder geometrical configuration
Sabah Wais, and Pirzheen Mohammed
University of Duhok, Iraq
The current – voltage characteristics of the wire-cylinder geometrical configuration have been studied for
positive and negative corona discharge. The investigations were carried out at different experimental
conditions. The wire electrode of Aluminium was used in different radius of (1.17, 2.77, 4, 5, 6 mm). The
nitrogen corona discharges for both polarities were obtained by applying high voltage between electrodes
sufficient to occur at different pressure of (1.0, 1.5, 2.0, 2.5, 3.0 atm). The current – voltage data have been
acquired in the streamer regime of positive and negative corona discharge (pre to glow discharge).
The experimental study is divided into two parts. The first is concerned with the investigations at atmospheric
pressure where the I-V data were subjected to two literature empirical formula given by Henson and Ferriera to
show the validity of the built system. The optimal value of exponent n fixed at 1.78 for all radius of wire
electrode at atmospheric pressure. Consequently, the second part covered the experimental measurements
at different working pressures where a significant correlation between Vo and K with R was disclosed. For all
wires used, the range of corona inception current between (0.1-1.0 µA) was considered to determine the
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potential scope of corona inception voltage. For both polarities, it was found that the corona inception voltage
Vo and the dimensional constant K showed a nonlinear behavior with the radius of wire electrode R.
All the experimental measurements of the present work were carried out pre glow regime at temperature (2428oC) and humidity (45-65%).
Radiative shock experiments on the SG-II laser
Francisco Suzuki-Vidal1, T Clayson2, C Stehlé3, J W D Halliday1, J M Foster4, C Danson4, C Kuranz5, C
Spindloe6, P Velarde7, M Cotelo7, U Chaulagain8, M Sun9, L Ren9,
N Kang9, H Liu9, and J Zhu9
Imperial College London, UK, 2First Light Fusion Ltd, UK, 3Sorbonne University, France, 4AWE Aldermaston,
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UK, 5University of Michigan, USA, 6Scitech Precision Ltd, UK, 7Universidad Politecnica de Madrid, Spain, 8ELI
Beamlines, Czech Republic, 9Shanghai Institute of Optics and Fine Mechanics (SIOM), China
In a radiative shock, losses from the shock-heated matter are sufficiently strong to alter its hydrodynamic
structure. The formation of radiative shocks is a complex process which is fundamental to both high-energy
density physics and astrophysics.
We present first results of the formation of radiative shocks on the SG-II laser at SIOM, China. The experiments
build upon previous studies of piston-driven radiative shocks in Xenon [1, 2] and Neon [3] using large-aspect
ratio gas-cells, allowing the shocks to propagate unimpeded.
The SG-II experiments looked at the dynamics of single and counter-propagating shocks driven by 4 to 8 x 1
ns, long-pulse beams focused on a solid foil acting as a piston. A gas-cell was filled with argon at a pressure
of ~1 bar, and the shocks were imaged with time-resolved, point-projection X-ray backlighting using a
Scandium source (~4.3 keV probing energy), driven by SG-II’s 9th beam. A new target design was designed to
study the late-time evolution of these shocks at times ~100 ns, allowing the development of spatial features
at the head of the shocks to be investigated. Results are compared with numerical simulations with the 2-D
radiation-hydrodynamics, AMR code ARWEN.
[1]
[2]
[3]

F. Suzuki-Vidal et al., “Counterpropagating radiative shock experiments on the Orion laser”, Physical
Review Letters 119, 055001 (2017)
R.L. Singh et al., “Experimental study of the interaction of two laser-driven radiative shocks at the
PALS laser”, High Energy Density Physics 23, 20-30 (2017)
T. Clayson et al., “Counter-propagating radiative shock experiments on the Orion laser and the
formation of radiative precursors”, High Energy Density Physics 23, 60-72 (2017)
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