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Proliferation of dusty layers inside the Tokamak prompts deleterious effect in Tokamak operation. The
stability of the fusion plasma is adversely affected by building-up of dusty layers inside the tokamak which
actuate disruptions in tokamak’s performance. The current study is based on probing the mechanisms of dust
accumulation inside the Tokamak device by simulating the process with the support of pulsed plasma accelerator.
Experimentally it was observed that upon interacting with the pulsed power plasma stream, the materials used for
designing the in-vessel elements of Tokamak such as graphite, lost its crystalline structure which in turn affects
its inherent properties like ductility, malleability, rust resistance etc., thus emanation of dust paricles take place
as a result of collisions between plasma species such as electrons, ions and neutrals with molecules of graphite as
the tokamak material, ergo causing erosion in the tokamak material. The concatenated dusty layers formed due to
accumulation of dust particles inside the Tokamak can cause probable instability in fusion plasma that would mar
the function of the Tokamak device, besides the generated dust would become chemically reactive, radioactive or
toxic. The dynamics of dust grains can be realised by Coulomb force, ion drag force, frictional forces on ions,
ion pre-sheath drifts etc. and can also be interpreted from the kinetic theory of dusty plasma, to account this the
numerical studies have been carried out with DUSTT and UEDGE codes to understand the dust dynamics and
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transport mechanisms.
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1. Introduction

The presence of dust particles in fusion devices is a
growing interest since long time. However, their possible
consequences for Tokamak operation and performances
have become a topic of recent interest [1-3]. The paricles
distinguished so far found to be between 10~ to 10™*m
in size and presumed to be induced by erosion of walls,
ion-molecular interactions, co-deposition arc, evaporation,
sputtering and sublimation of wall material which are ther-
mally overloaded [4—7]. Plasma impurities generally have
two primary impacts on plasma efficiency: energy radia-
tion and dilution of nucleus species, where the line radi-
ation energy drop rises sharply with atomic number (Z).
The overall energy of radiation per unit time can be rep-
resented as Q; = n.Xn, # (T.), where n. and n, rep-
resents the number of electrons and ions respectively in
the plasma and & is the parameter of radiation for the
species under consideration. The energy dissipation due to
Brake-radiation or bremsstrahlung is commensurate with
the square of the atomic number of the species under con-
sideration. Moreover, the dilution of fusion fuel is also due
to plasma impurities. It was found that the fusion plas-
mas incline to be adulterated further at an increasing pace
(coagulation of dusts) when contaminated. For instance,
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the GEC informations have shown that rapid dust gener-
ation seems to boost plasma/wall conductivity, owing to
sudden arcing and excessive dust extraction [8]. Advanc-
ing towards the surface, the sheath accelerates the impurity
ions to a final impact energy given by € o« z¢shearn + 2Tj,
where the potential of the sheath @gpean = %Te, T; and
T, are the ionic and electronic temperature respectively of
the plasma, z is the charge of the ion and e is the charge
of an electron. It is recognized that, inclusion to carbon
atoms, the case of graphite wall components are impor-
tant as well because of the release of crystal structures in
the form of C;,C,,....,C,. Oxygen is particularly im-
portant in systems with graphite-covered surfaces among
most impurities [9]. Chemically, oxygen sputtering shapes
CO and CO,, even at room temperature, with a high out-
put approximately to unity. The chemical sputtering is far
stronger than physical sputtering in case of wall coated
with graphite material, particularly at the graphite diver-
tor boundary and in the target [10]. The interactivity of the
plasma and the elements of the first wall and the divertor
produces dust within the vacuum receptacle of a tokamak.
In recent times, dust has received little publicity, primarily
because it is neither a security issue nor an operating issue
in current tokamaks. However, the construction of ITER
emphasized on some of the basic demands for the next
generation combustion plasma producing machine such as
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Table 1 Table with typical values of the pulsed power plasma and their system estimates.

S.No. Quantities Range

1. Density of the Plasma ~10%° -10%2 / m?
2. Velocity of the Plasma spurt ~18-20km/ S
3. Density of the energy ~0.6-0.8 MJ/m?
4, Discharge current ~100 kA

5. Least diameter of the effective area ~0.04 m

6. Anticipated density of power ~ 1.8 GW/m?

understanding the occurrence of dust, Controlling the im-
purities, dust and related material mitigation, etc. to ensure
appropriate quality of plasma facing components with en-
hanced plasma tolerance properties, besides dust is con-
sidered to be a possible safety hazard that is poisonous,
radioactive and/or chemically reactive. The risk of con-
tamination relies on the degree of dust generation and its
confinement. Experimentally it has been found that sub-
stantial amount of hydrogen can be retained by tiny carbon
fragment (> 0.2 H/C), thus the dust can also affect the tri-
tium inventories [2,3]. Furthermore the fine dust grains can
also respond chemically and impulsively with oxygen and
water vapours in the event of vacuum and/or coolant fail-
ure. Dust production and migration can probably serve a
key function in core plasma contamination in and from the
divertor region, for instance radioactive tritium capturing
of dust grains and adverse impacts on tokamak’s efficiency.
The dust production level in a tokamak depends on the po-
sition and substance of the walls, they are composed of,
thus dust production can be substantially decreased with
the correct alignment and design of reference materials on
the divertor and limiter. Accordingly this research is aimed
at studying the dust production from the graphite mate-
rial upon intereaction with highly energetic pulsed power
plasma stream, their dynamics and transport mechanisms.

2. Experimental Setup

In this experiment the Pulsed Plasma Accelerator
(PPA) can be categorized in five major parts Viz. pulsed
power system, vacuum pumping system, vacuum cham-
ber, electrode assembly and feeding system for gases. The
pulsed power system consists of two capacitor bank mod-
ules, five capacitors in each module and ten capacitors
in total, with each of 178 uF, were used to generate the
high energy electrical pulse for time interval of ~ 1ms,
when discharging take place through ignitron, each of

Fig.1 Pulsed power system to operate pulsed plasma accelera-
tor.

this module offers 50 KA of current, the precise magni-
tude of current and time interval of discharging pulse is
achieved by parallel combination of three inductance of
45 uH each which can yield ~ 15pH inductance overall
(Fig. 1). Moreover parallel combination prevents the for-
mation of high magnetic field with the passage of discharge
current as it may damage the sensitive electrical elements.
The ignitron act as a switch for both charging and discharg-
ing function of the capacitors. The High voltage pulse from
high voltage power supply was fed into the capacitor bank
through ignitron for charging purpose, when the bank is
fully charged, the charging is discontinued and the ignitron
is triggered by a high voltage to release the energy stored
(about 200kJ) in the bank into the load, which is trans-
mitted into the plasma producing chamber Via highly in-
sulated coaxial cable. Plasma chamber have been divided
into three parts, i.e. the electrode chamber in which the
plasma is generated, the intermediate chamber in which
the plasma is exposed to the magnet field and the target
chamber in which properties of material is studied (Fig. 2).
The pulsed plasma accelerator is a type of Coaxial Plasma
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Fig.2 The plasma Chamber — source chamber, intermediate
chamber, Target chamber.

Fig. 3 The electrodes assembly, with centre cathode and outer
anode.

accelerator system with two coaxial electrodes where the
electrodes are sealed on one side and the other side is left
free. One end of this chamber is attached to the target
chamber and the other end is shut with an assembly of
electrode. To achieve a uniform, diffused and high-density
plasma distribution, the electrode assembly in the central
region is made of cathode and the electrode assembly of
the external region is made of anode (Fig. 3). In this coax-
ial electrode assembly there are 13 numbers of discrete SS
electrode rods for cathode and 34 numbers of discrete SS
electrode rods for anode, the radii of which are 0.025m
for cathode and 0.085m for anode respectively. Based
on this consideration the source chamber is constructed to
be of length 0.0470 m with diameter 0.0360 m and target
chamber of length 1.5 m with diameter 0.5 m respectively
for effective propagation of plasma stream (Fig.2). High
vacuum is maintained inside the plasma producing cham-
ber with the support of turbomolecular pump backed by
rotary pump, and the pressure in the system was measured
with the help of pirani and ionisation gauges. During the

1biel

Fig. 4 The plasma-target interaction captured by high resolution
camera iX Cameras - i-SPEED 716 with 500,000 fps max
frame rate.

experiment ~ 10~ mbar of gas pressure was maintained
inside the chamber. The gas is supplied with a gas injec-
tion valve that inserts the gas when the flyer plate of the
plenum is opened where the gas is stored. When the volt-
age pulse is applied to the coil that attaches to the flyer
plate, the gas flows within and fills the inter-electrode spac-
ing. To attain the operating pressure a supersonic spurt of
Argon gas is introduced with average mass flow rate of
~ 50 gm/s, 4 ms before the discharge takes place. The cur-
rent gas is electrically disrupted by the use of high-voltage
pulses delivered from Pulsed Power system in between the
electrodes that splits the gas into electrons and ions. This
discharge produces a plasma sheath between the electrodes
driven by auto-generated J X B force towards the open end.
The plasma is generated between the inter-electrode spac-
ing and driven to the target chamber towards the open end
of the electrode by applying a negative 15kV high volt-
age pulse across the electrodes. The plasma then travels
into the target chamber where a precise diagnosis is car-
ried out for characterising the plasma, the plasma stream
is then subjected on target samples for further analysis of
material properties (Fig. 4). In this experiment the graphite
is used as a target material, as up till now, graphite was
most widely used as plasma facing material used for the
lining of first wall or the divertor region of the Tokamak.
The dust is formed as a result of energetic plasma/Target
interactions. The existence of electromagnetic fields in the
plasma greatly affected by the presence of dust grains and
dramatically affects plasma characteristics. In addition to
the electrons and ions found in ordinary plasmas, dusty
plasmas comprise charged dust grains [11], as a result the
turbulence is developed within a portion of the contami-
nated plasma leading to plasma instabilities, besides dust
generated may pose significant safety issues, as it can be
radioactive, chemically reactive or chemically toxic.

3. Measurements of Energy Flux in
Pulsed Power Plasma

The time of flight method has been employed to cal-
culate the energy flux of the pulsed power plasma as this
technique found to be very useful for measuring the energy
distribution of charged plasma particles. In this experiment
a simple particle detector so called the retarding grid ana-
lyzer, of size 20 cm has been used. It consists of a series of
electrodes which are separated by insulated washer from
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each other, the alloy used in fabricating this device is TZM
(99% molybdenum, 0.5% titanium, and 0.08% zirconium)
because of its thermal stability and improved structural
properties while the insulator used is hot-pressed Boron
nitride as it possess both a large volume resistivity and an
essentially zero coefficient of thermal expansion, the ca-
bles in retarding grid analyzer are made up of multiple lay-
ers of fiberglass and mica insulation which offers high re-
sistance to heat and thus manifests thermal stability. The
particle detector, is placed at a close proximity of the tar-
get material inside the plasma chamber, such that the time
of arrival (7) of the plasma particles can be recorded. The
results then used to calculate the total energy (E) which is
formulated as

d2
5=5(%). <

where d is the distance between the particle detector and
the plasma source, m is the mass of plasma particles, 7 is
the time of flight.

The Retarding Grid Analyzer comprises a rolling disc
to capture the charge plasma particles - electrons and/or
ions, in good enough condition. A grid (an excellent
porous metallic mesh) has been kept in front of a biased
collector to prevent the particles of definite energies. The
particles possessing energies below the biasing voltage are
hindered and the remnants are captured by collector. When
the biasing voltage is adjusted on the grid, the I-V curve is
obtained, revealing the relationship between collector cur-
rent (I) and biasing voltage (V). In the event of a changing
positive grid potential, this device functions as an ion en-
ergy analyzer while it functions as an electron energy an-
alyzer for variable negative bias. The plasma temperature
can also be determined by the features of the I-V curve.
The time development of the current I (t) is formulated be-
low

dN
IH=0.—, 2
(=07 @)
Q is the charge of the particle, f‘%{ represents the time rate

of change of number density of the particles collected in
the disc.

The total number of particles collected in the disc as
well as the corresponding total energy can be determined
using (1) and (2) given below:

= 1)

—dT,
o

also the expression of total energy is formulated as

2
<1 (d m
Erow =f —(-) A dt. =.
Total . 2\7 0

Essentially the spurious signal as a result of secondary
emission from the grid must be reduced. Simple disk col-
lector sometimes substituted with a Faraday cup to ren-
der narrow collection angle. Using this method the maxi-
mum energy of the pulsed power plasma stream found to

Nrotal =

be 100 J/cm?, which corresponds to the energy to be re-
ceived by the first wall of Tokamak during operation.

4. The Mechanisms of Dust Forma-

tion

The dust produced due to plasma-Target interaction is
of significant amount, with most particles of size ~ 1 um
have been found. The dust formation may be attributed
to two major methods — 1. Bottom-up path, 2. Top-down
path. Dust is produced by the bottom-up condensation
method when atoms, molecules or tiny dust flakes (~ nm
range), coagulate and enhanced the growth of dust partic-
ulates, while it may also be produced when comparatively
large parts of material break down into smaller segments
by the Top-down method in single or multiple steps. In
this experiment the target material (graphite) disintegrates
into smaller fragments upon interacting with highly ener-
getic pulsed plasma spurt which give rise to concatenation
of dust layers inside the plasma target chamber. The dust
thus formed are stored inside a container. A piezoelectric
shaker has been used to introduce the dust grains into the
plasma chamber from the container during the analysis of

SEI 146KV X20,000 WD 10.7mm 1pum

Fig. 5 Scanning Electron Microscopy (S.E.M) image of dust
particle 1, with size ~ 1 wm, with magnification X 10,000
and of dust particle 2, with size ~ 1 um, with magnifica-
tion X 20,000.
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plasma-dust interaction. The distribution of tokamak dust
in particle size and quantity has been assessed with SEM
microscope images (Fig. 5). It has been found that most of
the generated dust particles are of 1 um in size.

5. Numerical Study of Dust Dynamics
and Transport in Fusion Devices

This experiment provides a simulation of dust forma-
tion and dust dynamics similar to the Tokamak device. The
computerised codes used for analyse the dust dynamics
and transport statistics are DUSTT and UEDGE. DUSTT
code has been used to monitor the motion of dust flakes in
three-dimensional (3D) geometry, by accounting parame-
ters such as dust charge, momentum and energy balance
of dust grains and its ablation. DUSTT utilizes entry in-
formation of plasma parameters such as heat flux, velocity,
magnetic configuration etc. of the plasma species — elec-
trons, ions, neutrals and impurity, straight from the 2D
edge plasma transport code UEDGE, in which plasma pa-
rameters are pre-defined on 2D grids, for constructing the
profiles of plasma parameters. The UEDGE code simu-
late the transport mechanism by employing multi-fluid ap-
proach. Therefore the simulation of the 3D transportation
of dust grains in a genuine fusion plasma medium is prob-
able with these codes.

When the collisions take place between the existing
dust grains and plasma species, a force acts on the exist-
ing dust particles, which depends upon plasma flux, sizes
of the dust grains, charges on dust grains, etc. This force
arises due to combination of several forces — the gravita-
tional force, the electromagnetic force, the drag force, the
thermophoretic force and the radiation pressure force. The
Monte-Carlo method is used to simulate the collision of
dust grains and taking the ensemble average of the dust
grains under consideration. In modelling, it has been as-
sumed that the shape of dust particle is spherical and com-
prised of even solid substance with atomic density {4, total
mass [y, total volume Iy such that, uyg = T’y . {4, where

Iy = 4"TR3’, and the initial parameters (radius Rqo, Tem-
perature Ty, velocity vqg and birth point or point of injec-
tion) are the entry parameters for calculating the trajectory
of dust particle. In this modelling the radius (Ryg) of the
dust grains is taken to be 1pm, which is almost the av-
erage mass-weighted radius of the collected dust grains.
The total cross-section of the dust grains is assumed to be
0q = ﬂRfl with total surface area Ag =4 .04 = 47TR§. The
DUSTT code solves the coupled differential equations that
represent the dynamics of dust grains under consideration.
The equation of motions are:

dr dv

— =, t)— =F4+0 .0+ 0 0.
a7 Ha(?) 7 = Fat Oawa d.turb

The force acted on the dust grains due to in-
teraction with the plasma stream is represented as

Fa(r(t), va(t), Ta(D), Rg(t)). The Ogwan and Ogyyp, are the

operators which represents the collision of dust particles
with the layers of first wall of the tokamak and the micro-
turbulence of the plasma respectively. This operator is rep-
resented as

£=€st
Q4 = f .. fdrdvdu’ Z;l 8(r = re) 69(Fe, 97).

The index & passes over a number of sites of collision,
€" represents the maximum amount of collision sites on
the trajectory, r is the radius of the collisional sites, J =
(Ve,Rae, Tae) and & = (9¢, R}, T}, ) represents the pre and
post collisional state of velocity, radius and temperature,

5,0, 9') = 61051 —9.)6(Ra—Rae)6(R;—R).)
8(Ty = Tae)6(T, = T)o).

The DUSTT code also solves the conditions for temporal
evolution which obeys:

dH;  dCaquyTy
o a4 - 47 R Grotal-

Here Hy is the enthalpy, C4Tg is the heat capacity, uq is the
mass, Ry is the radius, g, is the total heat flux.

For non black body approximation,

Gtotal = Yplasma — eject = qin — Yout-

Immediately after the dust-plasma interaction, the vari-
ance in mobilities of plasma species (electrons/ions) source
some charges on the dust grains to acquire, and thus a
sheath is developed around the charged dust species. To
determine the mechanism of charging acquired by the dust
grains we need to determine the floating potential which
is the potential acquired by the charged dust grain when
the current generated by both the electron and ion flux be-
comes equal (ambipolarity condition) and thus exactly can-
cel one another. The two methods of calculating the float-
ing potential are the radial and orbital motion theory. The
radial motion theory, also known as ABR theory is based
on system having purely radial motion and involves no
angular momentum. However for dust grains possessing
low potential, angular momentum is of significant concern.
Moreover the dust grains which are spherical in shape pose
more complications in calculation of boundary conditions,
as ABR theory correctly work only with planar geometry
thus the solution of spherical system cannot be obtained in
such cases. Considering the drawbacks of radial motion
(ABR) theory, we use OML (orbital motion theory) to cal-
culate the floating potential and to determine the charges
on dust grains. In equilibrium condition of electron and ion
flux at the surface, the surface potential @ is calculated.
The total toroidal length L, = fot | dt and poloidal

length Lp = fot(ﬂf + 0%)% dt traveled by the dust particle re-
veals the trajectory of that dust particle and is represented
in Fig. 6 versus time. The evolution of other parameters
like temperature is represented in Fig. 7 and the normalised
mass with particle trajectory (ﬁ) is represented in Fig. 8.

ax
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Fig. 9 The variation of heat flux with particle trajectory.
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Fig. 11 The variation of charge along the particle trajectory.

The variation of heat flux in the dust particle along the par-

ticle trajectory is represented in Fig.9 and the velocity of 6. Results and Discussion

magnitude [}| along the trajectory of dust particle is repre- In dust dynamics, the particle size performs an essen-
sented in Fig. 10. The variation of charge on a dust particle tial part. In this modelling the initial radius (Rqg) of the
along with particle trajectory is represented in Fig. 11. dust grains is taken to be 1 um, which is almost the average
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mass-weighted radius of the collected dust grains. It has
been found that the greater the radius, the more prolonged
the lifetime of the dust particle with greater plasma pene-
trability (Fig. 6), thus, before evaporation, dust grains can
reach quite deep in the hot plasma regions (Fig. 7). If the
dust grains are expanded in size, the dust migrates further
before it evaporates (Fig. 8). Consequently, a dust grain’s
overall retention time is the duration required to heat it
to the transition temperatures besides the interval needed
for the phase transitions of the dust grain. At a signif-
icantly lower temperature the graphite evaporates, yet it
can persist for a consequential duration across the point
of sublimation (Fig.9). The velocity of plasma spurt can
also alter the magnitude and orientation of dust partcles
and even the faster dust grains can eventually penetrate
the core plasma region (Fig. 10). A dust grain can there-
fore flee a heated plasma region and settle down into a
cooler region. However, it can be expected that a substan-
tial amounts of dust grains would have evaporated before
this, which is why the dust accumulation is much lesser in
some region and is not uniform throughout. The inspected
trajectories illustrate the spread of the dust particles on one
layer to other layers inside the Tokamak device as well. It
can also be interpreted that the length of the radius (Ry)
of a spherical dust particle declines over time, that means
the size of the dust paticle decreases over time as a re-
sult of the dust-plasma interaction while the charge on a
dust particle increases with particle size and the plasma
temperature (Fig. 11), here it has been assumed that the
ionic temperature of the plasma (T;) ~ electronic tempera-
ture of the plasma (T,) as in case of fusion plasma. How-
ever as the fusion plasma density is high enough, the dust
charging time in fusion plasma is usually very short, ap-
proximately, about 108 S. Furthermore the dusty plasma
comprises charged dust grains can develop turbulence in a
specific region of the plasma leading to plasma instability,
as the instability of fusion plasma largely rely on rate of
dust contamination, these instabilities can couple to form
n peeling-ballooning modes which in turn can form edge
localised modes (ELM) thus affecting the magnetohydro-
dynamic (MHD) stabilities of the fusion plasma [12].

7. Conclusions

A simulation of dust formation inside the thermonu-
clear reactor has been carried out with the support of
coaxial plasma accelerator. In this experiment the dust is
found to be formed by plasma-target interaction, upon in-
teraction, the target material (graphite) disintegrates into
smaller fragments. The graphite is chosen as a suitable ma-
terial for the target because of its enhanced thermomechan-
ical characteristics and low atomic (Z) numbers that makes
the target material less vulnerable from contamination as
compared to materials with higher atomic (Z) numbers [9].
The energy of the plasma spurt was determined using time
of flight method, the maximum energy was found to be

100J/cm?, which corresponds the energy to be received
by the first wall of the Tokamak device during operation.
Furthermore numerical studies have been carried out using
DUSTT/UEDGE codes which reveals that the size of the
dust particle performs an essential role in dust dynamics
and transportation, it was found that the greater the size and
velocity, the more prolonged the lifetime and plasma pen-
etrability of the dust grains. Thus the faster dust grains can
eventually migrate into the core plasma region before be-
ing evaporated. However the radius Ry of a spherical dust
particle declines over time as a result of the dust-plasma
interaction. It can also be interpreted that the charge on a
dust particle increases with particle size and plasma tem-
perature. However as the fusion plasma density is high
enough, the dust charging time in fusion plasma is very
short, roughly about 1078 S. Dust production and migra-
tion can probably serve a key function in core plasma con-
tamination in and from the divertor region, for instance ra-
dioactive tritium capturing in dust can adversely impact on
device’s efficiency, besides dust generated may pose sig-
nificant safety issues, as it can be radioactive, chemically
reactive or chemically toxic. This research thus presents a
brief mechanism of dust formation and its dynamics con-
cerning the stability of fusion plasma.

8. Significance

Dust produced in the thermonuclear reactor poses a
major safety issue. consequently two major issues are as-
sociated with the fusion devices concerning dust genera-
tion, one of which concerns the operational safety of the
fusion reactor; the other being accounted for plasma in-
stability. The accumulation of dust grains induce concate-
nated dusty layers in the fusion device which can hinder
the flow of heat energy into the cooling surfaces and also
particularly affects the gaps constructed to facilitate elec-
trical insulation or thermal expansion. Such layers get sub-
limate when subjected to immense heat loads[13]. On
the other side, this can also have an adverse impact on
plasma parameters and can enable the plasma contamina-
tion thus affecting the plasma stability [14]. Accordingly
a logical question is put forward: what are the origins of
dust particles and what are their mechanisms of generation
inside the thermonuclear reactors? To response this it be-
comes absolute necessary of comprehending the discrete
processes of overall dust formation from plasma-surface
interactions. It is also a noteworthy aspect that significant
units of plasma facing componenets (PFC) are coated with
carbon based materials such as graphites or carbon com-
posites due to their enhanced thermomechanical proper-
ties [15,16]. Therefore the present research reveals the dust
production process in association with dust dynamics to es-
timate the stability of fusion plasma.
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