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Abstract:

Large-scale fusion reactions may be produced in the tokamak by magnetically confining the fusion fuel at
a high enough density and temperature, or in the plasma state. However, turbulence causes high
temperature plasma to reach the Scrape-Off Layer (SOL), the outermost layer of the tokamak with open
magnetic field lines channeling particles and heat into a specific area of the vacuum vessel. A primary
objective of the ITER project is to show a high gain of fusion power in a tokamak. Metallic plasma-facing
components in ITER are selected because to their high heat load tolerance and minimal tritium retention.
The operation of tokamaks with metallic components confronting the plasma, however, presents
challenges for the management of high-Z impurities, as the build-up of heavy impurities, such tungsten
(Z=74), in the plasma core results in large radiation losses and weakens the energy confinement. Tungsten
(W) transport in ITER's core region (P < 0.3), is anticipated to be governed by turbulent and neoclassical
processes, which are highly dependent on temperature, rotation patterns, and the primary ion density.
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Introduction

Due to the equal amounts of ions and
electrons in plasma, it is a conductor of
electricity. It is created when the gas's atoms
acquire an electrical charge. The word
"plasma" has Greek roots that allude to a
pliable substance, and its contemporary
English meaning is a straight translation.
The term plasma was coined by Irving
Langmuir in 1928 due to its resemblance to
blood plasma, although Sir William Crookes
had already seen it in his 'Crookes tube'
(Crookes, 1879).

If test estimates are too high or insightful
models are too complicated to achieve, then
mimicking plasma miracles is a useful
strategy to cope with and comprehend

genuine cycles. One special kind of model
that is utilized to accurately reproduce
plasma marvels is the particle in-cell (PIC)
model. Because of their predictability, these
codes are helpful for creating copies of the
electrostatic plasma sheath, for example.
The plasma sheath is perhaps one of the
most remarkable features of plasma physics.
A layer of positive charge builds up at the
plasma-divider interface as a result of
electrons' quicker transit owing to their
lower mass, resulting in the creation of a
charged plasma sheath. The concentration of
charges causes a potential drop, also known
as a sheath potential, which alters the routes
followed by charged particles with respect to
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the wall that faces the plasma. This non
quasineutral zone of the plasma is very tiny
(enlargement: a few Debye lengths), but it
determines and is determined by the
pathways followed by charged particles as
they travel to and from the surface, which
has significant ramifications for the physics
of the whole plasma volume.

Literature Review

Georgios Nicolaou (2018) We are able to
recreate the velocity distributions of space
plasmas via spacecraft measurements,
providing a comprehensive description of
the plasma's kinetic state. Space plasmas are
often seen in out-of-equilibrium stationary
states, which are characterized by kappa
distributions. Therefore, for a complete and
correct description of these plasmas, factors
that regulate these distributions (the
temperature and the kappa index) must be
specified. In this work, we provide a new
and robust method for calculating the
temperature and kappa index of plasma
distribution functions that are built from
counts recorded by conventional
electrostatic sensors within a limited energy
range. Our approach is applicable to
situations when there is either no
observation of the plasma's high-energy tail
or very little observation of it. We generate
pseudo-observations for typical input plasma
properties, taking into account the
architecture of the Solar Orbiter mission's
ion plasma instrument SWA-PAS, in order
to validate our approach. Our approach fits
the angular spread of the distribution in a
small energy range around the core bulk
energy, yielding a reliable approximation of
the pertinent plasma properties. We
juxtapose the results of our methodology
with the input parameters that were used to
fabricate synthetic data for a designated
range of the kappa index and temperature, as
well as for a bulk energy characteristic of
the solar wind. We also test our technique
against observations from Helios 2, examine

how Poisson errors affect the counting
statistics of the device, and talk about the
possible uses and drawbacks of our
approach.

Lynn B Wilson (2019) We report a
statistical analysis of 15,210 electron
velocity distribution function (VDF) fits that
the Wind spacecraft detected within +2
hours following 52 interplanetary (IP)
shocks close to 1 au. The series on electron
VDFs near IP shocks consists of three parts,
this being the second. For reference and
baselines in future study, the electron
velocity moment statistics for the dense,
low-energy core, tenuous, hot halo, and
field-aligned beam/strahl are presented in a
statistically ~ significant list of values
supported by both tabular lists and
histograms. The beam/strahl fit findings in
the upstream are presently the most
thorough effort to parameterize the
beam/strahl electron velocity moments in the
ambient solar wind, thanks to the enormous
statistics in  this inquiry. For the
core(halo)[beam/strahl] components, the
median density, temperature, beta, and
temperature anisotropy values of all fit
results are,,, and, with subscripts ec (eh)[eb].
Additionally, this study will be used as a
baseline and reference for 1 au for missions
such as Solar Orbiter and Parker Solar
Probe.

Rui Xu (2020) We use self-consistent one-
dimensional particle-in-cell simulations to
investigate diffusive shock acceleration
(DSA) of electrons in nonrelativistic quasi-
perpendicular shocks. We discover that high
Mach number quasi-perpendicular shocks
may effectively accelerate electrons to
power-law downstream spectra with slopes
compatible with DSA prediction by
examining the parameter space of sonic and
Alfvénic Mach numbers. At the shock,
magnetic mirroring reflects electrons, which
cause nonresonant waves to go upstream.
Before being injected into DSA, reflected
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electrons go through many cycles of shock-
drift acceleration while confined between
the shock front and wupstream waves.
Additionally, even in quasi-perpendicular
shocks, which ordinarily do not accelerate
protons, strong current-driven = waves
momentarily alter the shock obliquity and
produce a little proton pre-acceleration.
These findings have applications in the
understanding of intracluster medium in
galaxy clusters and nonthermal emission in
supernova remnants.

Kristopher Klein et.al (2017) Single-point
time series derived from linearly unstable,
electrostatic numerical simulations are
subjected to a newly described approach that
establishes a correlation between electric
fields and particle velocity distributions. We
modify the form of the correlation, which
was previously applied to damped
electrostatic systems, to include the effects
of drifting equilibrium distributions of the
kind that cause bump-on-tail and counter-
streaming instabilities. The correlation
measures the transfer of phase-space energy
density between the electric field and plasma
distributions. The correlation is perfect for
diagnosing dynamics in systems where
access to integrated variables, like energy, is
not observably possible since it relies on
single-point time series. It is shown that the
fundamental physical principles governing
unstable systems are characterized by the
velocity-space structure of the field-particle
correlation. In order to eventually apply this
correlation to turbulent, magnetized plasmas
and ultimately characterize the nature of
processes that damp turbulent fluctuations in
the solar wind, it will be helpful to employ it
in basic systems.

Bea Zenteno-Quinteros et.al (2023)
Commonly observed nonthermal properties
in electron velocity distributions in the solar
wind include temperature anisotropy and
field-aligned skewness. Through wave—
particle interactions, these properties may

serve as a source of free energy to
destabilize various -electromagnetic wave
modes, which might change the plasma
state. Prior theoretical works have mostly
examined these nonthermal characteristics
and self-generated instability separately.
Nevertheless, an analysis of the interaction
between these two energy sources is
required in order to get a more realistic and
accurate knowledge of the kinetic processes
in the solar wind. In this research we study
the excitation of the parallel propagating
whistler mode when it is destabilized by
electron populations displaying both field-
aligned strahl or skewness and temperature
anisotropy by means of linear kinetic theory.
We use the core-strahlo model as a
substitute to explain the electrons in the
solar wind. The benefit of this model is that
it uses the strahlo population—a single
skew-kappa distribution—to reflect the
suprathermal characteristics of halo and
strahl electrons. Our results demonstrate that
this suprathermal population becomes a
more potent and effective source of free
energy for disrupting the whistler mode
when the electron strahlo has an inherent
temperature anisotropy. This implies that the
anisotropic strahlo is more involved in
processes that are influenced by interactions
between waves and particles. The current
findings also imply that, when evaluating the
significance of instabilities caused by the
suprathermal population, the contribution of
core anisotropy may be safely ignored. This
enables a targeted investigation, especially
with respect to the control of the solar wind's
electron heat flow.

Overview of Tokamak Micro-turbulence

Particle motion and drift velocities in
magnetised plasma

Cyclotron motion and guiding centre

n.n

A charged particle "s" traveling in an
electric E and magnetic B field has the
following equation of motion:
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dvg

Ms—r = es(E+ vy x B).
‘ 0y
where ms and es represent the particle's mass

and charge, respectively, "s", vy is its
velocity.

When there is no electric field and a uniform
magnetic field pointing in the z-direction,
the equation of motion becomes

["‘-i sB \

(;' _ ! (ve x b).

dt Mg (2)
with b = B/B.

When equation 2 is projected onto (X, y, z)
coordinates, it produces:

dvz
dt
(&)
A circular orbital motion with an angular
frequency around the magnetic field lines is
described by the solution to the
aforementioned equations We refer to
this motion as Larmor motion. As for the

angular frequency = @Bis referred

to as angular (cyclotron) frequency. In a
magnetic field of B = 5 T, a deuterium's
usual cyclotron frequency is around 7.5
MHz.

duv,
u{,',-_,l'y. 2. — We Uz

dt o dt

dv.

Further solving equations 3 above via
straightforward  replacements,  variable
separation, and the use of
ﬁzx = dx/dt and vy = dy/dtJ the answer in

the x and y directions becomes into:

Y = psSin(we,t)

4

T = —p, cos(wet),

MU
Where ”* = @B is known as the Larmor
radius, and the guiding-center is the
particle's center of gyration (Larmor
motion). Regarding a Deuterium when B =5

v, =7 x10°m/s.

T and *, Larmor radius
is around 3.5 mm.

=)

Drift of guiding centre

A non-uniform magnetic field's charge-
particle dynamics cause the guiding center
to wander. We won't go into detail regarding
particle paths and these drifts here since you
can get that information in any standard
textbook on plasma, for example. We only
reiterate how the guiding center evolved, as
provided by:

dvg
dt

=e(E+vg xB)—uVB.

(5)
with @I how quickly the guiding center is
drifting.

Equation 5 may be solved in both parallel

and transverse directions to get the guiding
center's drift velocities:

The ExB drift velocity resulting from the
electric field's presence
ExB
VExB = '
B2
(6)

The @ drift brought on by magnetic field
gradients

b x VB

VuvB = —
e B

(M

The centrifugal acceleration that occurs
when particles follow the magnetic field
lines owing to curvature drift caused by the
bending of the field lines

2
II)I"|

eB

b x (b.V)b
©)

The drift in polarization caused by an
electric field that varies over time

m dE |
VvV, =
P eB? dt

vV, =

©)
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In an inhomogeneous electric and magnetic
field, these drifts control how charged
particles evolve.

In magnetized plasmas, the magnetic field
resulting from the gyro-motion of every
charged particle is directed against the
applied external magnetic field; as a result,
the plasma is diamagnetic. The existence of
pressure gradients causes a collective fluid
velocity for all species. Known as the
diamagnetic velocity, it is described as

~ BxVp

Vidia = 559 -
ZenB?
(10)
For a single plasma species plus stationary
fields, the fluid motion in equilibrium may
be expressed as

Viluid = Vdia + VE.
(11)
Kinetic Ballonning Modes (KBMS)

The interplay between the localized regions
of unfavorable magnetic curvature and the
plasma pressure gradient, which causes the
plasma to bulge out in these areas, is the
primary cause of the ballooning mode, an
electromagnetic instability. One of the most
significant instabilities seen in high
confinement mode (H-mode) plasma
discharges is thought to be the kinetic
ballooning mode, which restricts the highest
plasma pressure that can be maintained in a
magnetic fusion device. Magnetic tension
stabilizes because it causes the field lines to
bend, and instability cannot occur until a
minimum pressure gradient is reached. In
toroidal systems, ballooning modes are large
toroidal mode number  disturbances
characterized by long wavelengths parallel
to field lines and small wavelengths
perpendicular to the magnetic field. The
ballooning  parameter  provides an
approximation of the ballooning mode
driving force,

o = ~2u0( R/ BY () = B(R/L,),
th R, q, B, j [)’(‘I") and R/LP represent

the pressure gradient, its radial scale length,
the main radius, the safety factor, the
toroidal magnetic field, and the plasma beta.
Based on this relationship, it seems that the
pressure  gradient's  ballooning mode
threshold may become very tiny when the g-
value or the plasma @ are elevated. The vital
importance of @ may be computed using the
ideal magnetohydrodynamics equations,
which are predicated on the premise that
disturbances in the parallel electric field E||
vanish. However, E|| may become finite
when kinetic effects such trapped particles,
collisional effects, wave-particle resonances,
magnetic drift, and limited Larmor radius
are taken into account. Kinetic ballooning
modes (KBM) are ballooning modes that
exhibit these kinetic phenomena. The KBM
mode may result in cross-field plasma
transport and is crucial for the stability and
confinement of fusion plasmas. These
modes revolve in the direction of the ions'
diamagnetic field and are confined to the
torus' outboard side.

wi

Note that KBMs generated by wave particle
interactions with thermal ions are also called
shear Alfvenic ion temperature gradient
modes  (AITG) in the literature.
Nevertheless, it was eventually shown to be
an unstable branch that joined the shear
Alfven branch with the Beta-induced Alfven
Eigenmode (BAE), which is connected to
KBM. Nonetheless, the general fish-bone-
like  dispersion relation (GFLDR-E)
indicates that when the BAE and KBM
branches are closely connected, the most
unstable AITG mode might become
destabilized. This happens when the
condition

Q*pi = (w*pi/wii) ~ \/ (7/'1 + T)(]

W s 0=
. * Pl
satisfied, where F
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(Ti/eB)ks(V Inm;) (1417 core diamagnetic
frequency of plasma ions
ni=VIT;/Vinn, Wu . 4.
definition of the thermal ion transit

frequency “t = V 2Ti/mi/qBo (Ti i5 the

mass of the ions and their energy-unit

temperature)  additionally T=T/T,
Consequently, when the diamagnetic effects
predominate, KBM is unstable.

Qupi >>/(T/4+7)q and BAE when ion

compression effects are dominant and BAE
in the presence of dominating ion

compression effects Qi >> (T/d+7)q The
thermal ion temperature gradient

destabilizes these modes when the plasma @
is exceeds a certain level. Because of the
interaction between the pressure gradient
and unfavorable magnetic curvature, the
interchange drive term is the source of KBM
instability. The threshold in @ arises from
the fact that at greater @ the Alfven speed

— waaR. WA
Vi WA IR " with the Alfvén

— /B2
frequency and Va =/ B?/1opm The

stabilizing magnetic tension falls as the
Alfvén velocity, where pm is the mass
density, decreases. Generally, the optimal
MHD limit is larger than the B threshold of
YMHD

D)C"ii < .D)C"‘it . It has been shown

.“‘3(.*1'1‘ t > .D) MED
b

crit

KBM, '

that at higher @ values,
KBM is susceptible to unsteadiness. Here

Perit is the critical [f the threshold at which
unstable Kinetic Ballooning Modes (KBM)
AM HD

occur and "¢ s the ideal MHD B
limit.

Normalized parallel structure of the
electrostatic potential perturbation (@) and
vector potential (@) for conventional

tokamak characteristics and for unstable
modes such as ITG and KBM:

kopi = 04, ¢ = 016, § = 10, ¢ = 20, R/Lzp = 9.,

R/Lup = 3.0, R/Ly, = 0.0, R/Ly. = 3.0,
Figure 1 shows that, as a function of the

parallel coordinate, there are neither
collisions nor toroidal rotation or gradient @

The perturbed fields and are
6=ouy
normalised as follows: P+%1 and
A

A, — | L
:1” - (le. with Ps = /),/Rn and

an extra normalizing factor that's used to

Relg| =1

linear simulations and

Im|p| =0 . :
[ ' ] at the s position where is
maximum. One poloidal turn corresponds to

bs=1

) TG —RefA
0.01 —lmA ]

Figure 1: Parallel mode structure of
electrostatic potential ,, and vector
potential A|| for ITG mode (a) and (b),
and KBM modes (¢) and (d) as a function
of parallel coordinate s for standard
tokamak parameters given in figure 1.

Ion temperature gradient (ITG) modes
become prevalent in beta KBMs over a
threshold as the — value rises, as seen in
Figure. Compared to their ITG cousin,
KBMs occur much more often (Fig. 1(b)).
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Figure 1 for a conventional tokamak
instance illustrates how both KBM and ITG
modes are characterized by an odd parity of
parallel vector potential perturbation A|| and
an even parity of electrostatic potential
perturbation ,, along the magnetic field lines.

Conclusion

Tungsten (W) buildup in the center area of
the plasma is a major problem that might
restrict the capabilities of current and future
fusion devices like ITER. Accumulation of
tungsten in ITER's core region (p< 0.3) is
anticipated to be influenced by turbulent and
neoclassical processes. In order to forecast
the turbulent W fluxes and background
plasma profiles that dictate W neoclassical
transport, it is essential to comprehend
turbulent transport in this area. Forecasting
the region's main transportation p< 0.3 is
also crucial for the pace of the fusion
reaction. This thesis tests current JET
tokamak plasma discharges to determine the
suitability of existing reduced transport
models for use at ITER. It is considered that
the components of the plasma fluid are
nano-dust  particles, plasma electrons,
photoelectrons, and ions, while the micron-
sized dust particles act as suspended
impurities in the plasma without changing
the dynamics of the plasma. It is also
thought that the charges on the micron-dusts
are derived from their present balance, while
the charges on the nano-dusts are fixed.
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