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The investigation of dust particle characteristics in fusion devices has become more and more imperative. In the
HL-2A tokamak, the morphologies and compositions of dust particles are analyzed by using scanning electron microscopy
(SEM) and energy dispersive x-ray spectroscopy (EDX) with mapping. The results indicate that the sizes of dust particles
are in arange from 1 pm to 1 mm. Surprisingly, stainless steel spheres with a diameter of 2.5 pm-30 pm are obtained. The
production mechanisms of dust particles include flaking, disintegration, agglomeration, and arcing. In addition, dynamic
characteristics of the flaking dust particles are observed by a CMOS fast framing camera and simulated by a computer
program. Both of the results display that the ion friction force is dominant in the toroidal direction, while the centrifugal
force is crucial in the radial direction. Therefore, the visible dust particles are accelerated toriodally by the ion friction
force and migrated radially by the centrifugal force. The averaged velocity of the grain is on the order of ~ 100 m/s. These
results provide an additional supplement for one of critical plasma-wall interaction (PWI) issues in the framework of the
International Thermonuclear Experimental Reactor (ITER) programme.
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1. Introduction

Dust particles in magnetically confined fusion devices
are mainly produced by the energetic plasma-wall interaction
(PWI).I'l' Although dust grains do not cause major problems
nowadays, they are considered to be a serious issue in future
fusion devices, such as ITER, where the longer pulse duration
and higher plasma stored energy will produce a large quantity
of dust particles, resulting in the deterioration of operational
performance, damage of optical diagnostics or even safety is-
sues of the machine due to chemical activities, radioactivities,
and explosive risks.

The characteristics of dust particles, such as the sizes,
mass, chemical ingredients, and structures, are key factors
when taking account of their influences on safety and plasma
performance. The property and quantity of the grains de-
pend on their pre-history, i.e., the length of operation time
starting from its last cleaning, type of discharge, operational
duration, etc. The postmortem on the analysis of dust sam-
ples, which are collected from various locations of plasma-
facing components (PFCs), can provide characteristic infor-
mation about the dust particles, including their size distribu-
tion, mass amount, chemical composition, morphology, etc.
Therefore, dust collection during a vent event is executed as a
standard procedure in many fusion devices, such as DIII-D, %}
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JET,3] TEXTOR,™ Tore Supra,l>! ASDEX Upgrade,®! and
HL-2A.U7] The analysis results indicate that the dust particles
cover a range of particle dimensions from a few nanometers to
millimetres, and they are generally deposited at the locations
without direct plasma contact. Moreover, the size distribution
of the dust particles presents a power-law distribution, consis-
tent with the assessment by the laser scattering technique in
the plasma volume.!®! Mass values estimated by dust collec-
tion are 31 g, 16.2 g, and 90 g-120 g in Tore Supra, LHD,
and DIII-D, respectively. Composition of dust particles is
composed usually of a mixed material, being relevant to ex-
posed PFCs and the method of wall conditioning. Dust mor-
phology consists of an irregular shape and a regular structure,
the latter includes stratified, granular, spherical structures, etc.
Meanwhile, morphological characteristics are directly associ-
ated with the generation mechanism of dust particles, which
involves the growth of reactive species in edge plasma, nu-
cleation of vaporized materials, blistering, disintegration of
co-deposited layers, arcing, explosive ejection, and brittle de-
struction of surface imperfections. Nevertheless, the findings
of the postmortem on the analysis are quite limited, and the
generation mechanism of dust particles and the dust conver-
sion ratio, Cq = (dust production)/(gross material erosion), are
still poorly understood.

At present, an effective method to investigate the dust
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particle dynamics in fusion plasmas includes dynamic mod-
elling and experimental observation with fast framing cam-
eras. Camera images can provide very valuable information
about dust dynamics, which is able to track the trajectory of
individual dust particle, to estimate the averaged speed and
to count the number of dust events during plasma operation,
etc. Camera observation is carried out as a routine proce-
dure in many fusion devices. The experimental results show
that the dust particles move preferentially in toroidal direc-
tion (along with the current direction) with an average speed
up to a few hundred meters per second, and the grains at inner
and outer divertor legs often migrate in opposite toroidal direc-
tions. Moreover, dust observation with two (or more) cameras
allows us to reconstruct three-dimensional (3D) trajectory,!
which also helps us to benchmark theoretical models, as de-
scribed in DUSTT code. "]

The aim of this paper is to present experimental and mod-
eling results of dust particle dynamics. The remaining parts
are organized as follows. The experimental setup is described
in Section 2. The experimental results are elucidated in Sec-
tion 3. In Section 4 the dynamic simulation of a flaking dust
particle is carried out. The last section is devoted to discussion
and conclusion.

2. Experimental setup

Experimental investigation of dust particles has been car-
ried out in the HL-2A tokamak,!'!! which has a major radius
R = 1.65 m and minor radius @ = 0.4 m. The vacuum ves-
sel with a plasma faced area of 46 m? is made of stainless
steel AIST 304L. Figure 1(a) shows in-vessel components of
HL-2A, which are numbered as No. 1-2. The inner and outer
poloidal limiters marked with No. 1 are protected by graphite
tiles. The upper and lower divertors are numbered as No. 2,
the baffle plate is protected by a carbon fiber composite (CFC),
and the target plate is made of copper. Other PFCs are the floor
of HL-2A shown in Fig. 1(b), mirrors of ECRH are displayed
in Fig. 1(c) and an electrode of the glow discharge is exhibited
in Fig. 1(d).

Fig. 1. (color online) (a) In-vessel components of HL-2A, PFCs viewed
in the toroidal direction are indicated as No. 1: inner and outer poloidal
limiters, and No. 2: lower and upper divertors; (b) the floor of the ma-
chine; (c) mirrors of ECRH; (d) an electrode of glow discharge.

Dust particles are collected in HL-2A by carbon adhesive
tapes and filtered vacuum cleaning, and the facilities of fil-
tered vacuum cleaning consist of a filter header, a plastic tube
and a mechanical pump. The filter header is composed of a
Sartoius polypropylene housing and a piece of Whatman Nu-
clepore membrane that has a diameter of 47 mm and a pore
size of 0.1 wm. This filter header is connected to the vacuum
pump via a 5-m-long plastic tube. After two consecutive ex-
perimental campaigns, groups of twenty dust particle samples
are collected from the deposition zones of HL-2A shown in
Fig. 1, including eight samples from the floor of the machine,
one sample from a mirror of ECRH, four from poloidal lim-
iters, and two from the reflected mirror of the laser interfer-
ometer, two from the dome of the divertor, and four from the
electrode of the glow discharge. Morphology and composition
analyses of these dust particle samples are characterized by a
scanning electron microscopy (SEM) and an energy dispersive
x-ray spectroscopy (EDX) with mapping.

top view of HL-2A tokamak

fiber-optic bundle

Photron SA5

relay lens

objective lens

Fig. 2. (color online) Top view of HL-2A tokamak and the sketch of
a fast framing camera system, including an objective lens, SCHOTT
wound fiber bundles, a relay lens and a Photron SAS.

One of the earliest observations of dust particles via the
emitted visible light was carried out by Goodall in the DITE
tokamak.[!?]' A fast framing camera system as shown in Fig. 2
is installed in the HL-2A, and this figure displays the top view
of the HL-2A and the sketch of this camera system. The com-
ponents of this system are composed of a Nikon objective lens,
the SCHOTT wound fibre bundle IG 163, the relay lens IG
1650, and the Photron fastcam SAS. The coherent, flexible
fibre optic bundle IG 163 is 2.74-m long with a format size
of 8 mmx 10 mm and an element size of 10 um. The camera
SAS is capable of taking 7500 frames per second (fps) with a
mega pixel resolution and one million frames per second at a
reduced resolution operation. Moreover, this system is located
at a mid-plane window along the tangential direction. The ob-
jective lens focuses the light onto the front face of the bundle,
then the light coming out of the back of the fiber-optic bundle
passes through the relay lens and finally is focused onto the
camera detector. The spatial resolution of this system is cali-
brated as ~ 1.5 mm/pixel, while a target is mounted at 1.2 m
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away from the objective lens. The camera during dust obser-
vation typically performs 512x512 pixels at a frame rate of
1.0 x 10* fps—2.5 x 10* fps.

3. Experimental results

3.1. Microscopic characterization of dust particles

3.1.1. Flaking of redeposited layer

As particles and heat fluxes deposit on the PFCs, the sur-
face layers of PFCs in HL-2A are eroded due to physical sput-
tering, chemical erosion, evaporation at high temperature, etc.,
resulting in the gross erosion of the surfaces. Then eroded
species are followed by the short-range or long-range migra-
tion, the re-deposition of hydrogenated carbonaceous species
(CH,D;), and the formation of the co-deposited layers in the
areas without direct plasma contact. The thickness of a net re-
deposited layer depends on the balance between re-deposition
and re-erosion by the hydrogen and oxygen impurity fluxes.
Such layers often have a stratified structure, and the thickness
of the flakes gradually increases during cycles of plasma oper-
ation. These flakes are generally brittle and weakly adherent to
the underlying surface. They can easily flake and peel-off from
the substrate if a critical thickness is reached. This implies
that the redeposited layer disintegrates into small pieces due
to internal mechanical and thermal stresses. The dust flakes
shown in Fig. 3(a) are collected from the bottom of the ECRH
port. This film has an irregular shape, and its composition is
mainly carbon, but small quantities of silicon and oxygen are
also found. Moreover, thicker deposited layers can be formed
for a longer duration. Figure 3(b) displays a carbon-rich layer

200 pm
21 I
—d

with a deep thickness, and this layer even cracks due to in-
ternal stresses. The image in Fig. 3(c) shows the structure of
flakes removed from the deposition zone. One can see that the
deposit has basically a layered structure. This indicates that
the film grew layer-by-layer during consecutive discharges. It
is also seen that the deposit is composed of flakes which easily
split and separate. This is a disintegration process of the lay-
ers. It is noted that the detachment and splitting of the flakes
occur especially when the tile limiter is taken from the ma-
chine and exposed to air. The flake is frequently observed in
many fusion devices, such as the TEXTOR tokamak.!3!
Films deposited from a low-energy flux scenario suffer
less stresses, so they may reach a deeper thickness before
falling. The film would crack and disintegrate into smaller
pieces if its thickness exceeds a critical value. This type of
co-deposit usually has a bigger mass and an irregular struc-
ture. Figures 4(a)-4(c) display three pieces of deposit col-
lected from the floor of HL-2A. Figure 4(a) indicates that this
co-deposit with the shape of a jade scepter is 400-um long
and 50-pm wide. The main chemical component is carbon,
but small quantities of silicon, boron, and iron are also ana-
lyzed. A silicon-rich stick has a size of 200 pmx 100 pum as
displayed in Fig. 4(b). It is clearly seen that the upper surface
of this block exhibits fiber grooves, implying that this particle
originates from the baffle plate of CFC tiles. The deep thick-
ness of the silicon stick is because the siliconization is per-
formed as a primary method of wall conditioning. Figure 4(c)
shows that a dust block is 200-um long and 100-pm wide.
This kind of dust particle plausibly disintegrates and releases

from a redeposited coating on PFCs.

Fig. 3. Morphological analyses of dust particles. (a) Dust particles flaked from re-deposited films; (b) dust cracking from re-deposited

layers; (c) stratified structures due to the re-deposited process.

Fig. 4. Disintegration of thick re-deposits with irregular structures, (a) the shape of a jade scepter with a length of 400 um and a width
of 50 pum; (b) a dust stick with a length of ~ 400 pm; (c) a dust block with a size of ~ 200 pm x 100 um.
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3.1.2. Agglomeration from supersaturated vapor

As experimental evidence in other fusion devices,!'¥ ag-
glomeration from supersaturated vapor often takes place in a
particular plasma region. The agglomeration can occur when
the carbon density exceeds 1%, deuterium plasma temperature
and density are ~ 10 eV and ~ 10'2 cm™3-10"3 cm~3, re-
spectively, and this process is maintained in enough duration.
Dust agglomeration is often round but has a very complex inte-

rior structure. The poloidal limiters in HL-2A are directly ex-
posed or closer to plasmas during discharges, strong plasma-
surfacing interaction produces a number of eroded atoms or
molecules by evaporation and sublimations, so this process
provides enough impurity density for dust agglomeration. Fig-
ures 5(a) and 5(b) show an SEM image of dust agglomeration
from supersaturated vapor and its EDX spectrum, respectively.
The weight percentage of each element is Fe 38.2%, B 29.3%,
C 18.1%, Cr 9.3%, Si 3.6%, Mo 1.0%, and O 0.5%.
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Fig. 5. (color online) An SEM image of dust agglomeration from supersaturated vapor (a) and its EDX spectrum (b). The weight
percentage of each element is Fe 38.2%, B 29.3%, C 18.1%, Cr 9.3%, Si 3.6%, Mo 1.0%, O 0.5%, respectively.

3.1.3. Stainless steel spheres

What is surprising to us is that we observe a certain num-
ber of metallic spheres in the HL-2A tokamak, which are
found at the floor of the machine and the bottom of the ECRH

(a)

port. The diameters of the spheres are in the range 2.5 wm—
30 pm. The SEM image and EDX mapping for one of the
metallic spheres are shown in Figs. 6(a) and 6(b), respec-
tively. We can clearly see a texture on its surface, and the tex-
ture is evidence for a domain structure with different phases.

Table 1. Iron—rich elements with Cr and Ni components.

————+——5 um SEI

Elements Fe Cr

Ni

Atomic/% 63.78 19.43

9.99

Fig. 6. (color online) The SEM image (a) and EDX mapping (b) of a stainless steel sphere. The size of the sphere is approximately
15 um. The sphere has iron-rich components as shown in Table 1, which are in good consistence with those of the stainless steel AISI

304L (Cr: 18%—-20%, Ni: 8%—12%).
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It has a size of about 15 um and iron-rich elements with some
Cr and Ni components as shown in Table 1, which are in good
consistence with those of stainless steel AISI 304L (Cr: 18%—
20%, Ni: 8%—12%). The formation mechanism of almost per-
fect spheres is not very clear yet. When the metallic materials
of PFCs are evaporated initially by transient events, such as

arcing, edge localized mode (ELM),[!>:16]

vertical displace-
ment event (VDE), and even disruption, the eroded material
forms an oversaturated vapor phase adjacent to its origin and
coagulates into a metal sphere. Another probability is that
the surface mobility of the metal atoms on the graphite lim-
iter surface increases when the limiter obtains the heat power
from the thermal load of the plasma, the metal atoms coagulate
and form small spheres. They are released from the limiter by
plasma—surface interactions and fall onto the floor. The for-
mation mechanism finally refers to arcing, which may cause
the erosion of metallic PFCs and produce droplets. Arcing
frequently occurs during the phases of the plasma startup and
disruptions. As direct evidence, the first wall of the HL-2A
tokamak has been damaged by the synergetic effects of run-
away electrons and disruption induced by a vertical displace-
ment event (VDE) and arcing.[”]

The postmortem of the analysis of dust particle samples
reveals that the sizes are in a range from 1 pm to 1 mm, the
majority of dust particles are located at the floor of the ma-
chine, and their compositions are mainly carbon, with small
quantities of other elements, e.g., Si, B, Fe, Ni, Cr, and O,
which are also observed. Morphologies of dust grains are ir-
regular, stratified, granular structures, and metallic spherical
shapes. The production mechanisms of dust particles include

o .

®>

" -

t=0 ms

agglomeration, flaking, disintegration, etc, among which flak-
ing is dominant.

3.1.4. Dust observations with fast-frame camera

In fact, dust generation rates during normal operation are
small. The images in Figs. 7(a)-7(f) display the temporal se-
quence for illustrating the behaviors of a dust particle during a
steady state discharge. The plasma parameters of shot 19379
are magnetic field B; = 1.4 T, plasma current f, = 200 kA,
and line-averaged density e = 2.0 x 10' m~3. The dust par-
ticle is recorded on 43 consecutive images at a frame rate of
1 x 10* fps without any filter, but only six images have been
selected in this paper. Figure 7(a) shows the visible dust par-
ticle originating from the first wall at the low field side (LFS).
The formation process of the dust particle is to flake from
the first wall with a certain initial velocity due to poor ther-
mal adherence. The ejected grain is instantly heated up to a
few thousands of Kelvin while the dust particle is directly ex-
posed to plasma, so the thermal radiation from the grain and
the line emission from the ablation cloud lead to dust visibil-
ity. Figures 7(b)-7(e) display that the visible ablation cloud
migrates along the current direction, which is parallel to the
direction of ion flow, indicating that the ion drag force serves
as a dominant force in the toroidal direction. Meanwhile, the
grain presents a clear movement toward the plasma boundary.
This process suggests that the dust is subjected to radial forces
while it moves toroidally. This radial force primarily stems
from the centrifugal force. The ablation cloud disappears fi-
nally as exhibited in Fig. 7(f). The observed track duration is
4.3 ms, the travelling distance is estimated to be 0.5 m, so the
averaged speed of this particle is approximately ~ 116 m/s.

4 l"\

t=2.7 ms

t=4.2 ms

Fig. 7. Temporal sequence observed by a fast-frame camera to show the dynamic behavior of a dust particle. Panels (a)—(f) display six representative
images recorded at six different time slices (0—4.3 ms). At first, the ejected dust grain becomes visible at the low field side due to thermal and line
radiation (a). Then it is accelerated and migrated along the current direction, i.e., parallel to the direction of ion drift flow ((b)—(e)). The grain vanishes

eventually (f).
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4. Dynamic simulation of the flaking dust parti-
cle

Based on the above experimental results, the trajectory
and averaged velocity of the dust particle are simulated. We
mainly consider spherical carbon dust particle with radius
R4 = 0.1 mm, which originally flakes from the first wall of
the HL-2A tokamak with only radial velocity Vg ~ 20 m/s.
Since the dust particle charging time is much faster (~ 1077 s)
than its dynamic time (~ 1073 s), the equilibrium nega-
tively charged dust particle is used.!'8! Moreover, the back-
ground plasma and equilibrium configuration parameters in
the SOL/divertor region are provided by the B2-EIRENE
code,? and the parameter profiles of core plasma fit the ex-
perimental data. The dynamics of the dust particle in the
plasma is governed by a set of coupled differential equations
for the evolutions of the radius r and v velocity. These equa-
tions of motion are presented as follows:

dr
— = 1
ar ; (1)
dv Fd
di = 2
t mqy
where the total force Fy includes the ion friction force Fig,
centrifugal force Fyy =my V72, /R, Lorentz force Fi, = gV x
B, gravity F, = mgyg, and Coriolis force F,.
Fd:Efr+Fcl+FLz+Fg+Fco~ 3)
Here, the electrostatic force is negligibly small because of
the weak electric field in the charge—neutral plasma. The
1.5 T T T T T
(a) F ]
> 1.0r ct /
= /
L 05f P
= e Y
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L;g 0 kezmm __ Ak _""\ 1ab 1
—0.5¢ E‘\nr ‘ R
Fiec
—1.0 . . . . !
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a i {5
I
o5 e T
054 4 8 2"
Time/ms

Toroidal angle/(°)

ion friction force can be further divided into the force due to
ion absorption, Fi,p, and the force due to Coulomb scattering
of plasma ions, Fis.. According to the orbit motion limited

(OML) theory, "1 both are expressed as follows:

Vi—

Fiap = TR T; Vs ‘nlab(u T/ T.), )
Vi—

F = an”lT |V | T]lqc(bt T/T 5)

The quantities n;, Tj, and T, are the ion density, ion temper-
ature, and electron temperature, respectively. The parameters
Niap and Mg are the coefficients of the Fj,, and Fig, respec-
tively, each of which is a function of the plasma temperature
ratio T; /T, and the normalized relative speed of the dust par-
ticle (u = |Vi —vq| / Vi), where V;, Vg, Vi ; are the ion flow
velocity, the dust particle velocity, and the ion thermal speed,

respectively.

r[iab(“,Ti/Te) {u(2u2+ 1 +2xi)e “

1
Vu?

+ [dut +4u* —1-2(1 - 207y
X \/Zﬁerf(u)}, (6)
erf(u) — 2uexp(—u?)//7
Misc (1, T/ Te) = 427 InA 53 , (D

here, xi(u,T;/T.) = ZiZge? /4neoRyT;, and Z; is the charge
state of ions, and Z; is the charge state of the dust particle.

S»—A
g8 8 3

5

Dust velocity/m-s~!

outermost mesh (d)
boundary mesh

between core and SOL
EX
"t =0

A
¢
,
>y

|
e
—

t =06 ms

|
e
o

Z/m
5
o

1.9
R/m

Fig. 8. (color online) Dynamics process of the flake dust particle originating from the first wall of the LFS on HL-2A. (a) The radial
components of the forces acting on the dust particle; (b) the time evolutions of dust particle velocities, (c) dust particle positions in the
three directions, and (d) the projection of the dust particle track on the R—Z plane, respectively.
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Figure 8 shows the simulation results of the dust parti-
cle dynamics originating from the first wall. The radial com-
ponent of the forces acting on the dust particle is shown in
Fig. 8(a), where Fy, Fis, Fiap, Fi,, and Fiy, are the centrifu-
gal force, ion scattering force, ion absorption force, Lorentz
force, and total force, respectively. The results show that the
ion friction force is dominant, and the centrifugal force is
crucial, too. The dust particle velocities along the major ra-
dius, the vertical and toroidal directions are denoted as vy,
Vzvt, and Uy, TEspectively; their time evolutions are shown in
Fig. 8(b). The change of the toriodal velocity is remarkable
and its averaged velocity is on the order of ~ 100 m/s. The
simulation results reveal that the ion friction force dominates
along the toroidal direction, but the centrifugal force is crucial
in the radial direction. Shown in Figs. 8(c) and 8(d) are the
time evolution of dust particle position and the projection of
the dust particle track on the R—Z plane, respectively, indicat-
ing that the dust particle generated from the first wall of the
LFS first moves inward due to the initial kinetic energy, and
then it is accelerated toroidally due to the ion friction force
during the movement. The dust particle arrives at the plasma
boundary at + = 6 ms and then moves outward due to the cen-
trifugal force. Finally it is re-deposited on the first wall at
t = 12 ms. The duration of the dust particle given by the com-
puter model is longer than by camera observation (~ 4.3 ms).
The main reason is that the dust particle at its early acceler-
ation phase cannot be observed by the fast camera due to the
existing visibility threshold.*!] However, the trajectory and
averaged velocity of the dust particle are in good agreement
with the observation results in Fig. 7.

5. Conclusion and discussion

Morphologies and compositions of dust particles are an-
alyzed with SEM and EDX methods in the HL-2A tokamak.
The results indicate that the sizes of dust particles are in the
range from 1 um to 1 mm. The dust particles mainly con-
sist of a carbon element, and small quantities of other ele-
ments, such as Si, B, Fe, Ni, Cr, and O. Morphologies of
dust particles include irregular, stratified, granular structure,
and metallic spherical shape, which reveals that the produc-
tion mechanism of the dust particles is flaking, disintegration,
and agglomeration. What is surprising to us is that stainless
steel spheres with diameters in the range of 2.5 pm-30 pum are
observed. The formation mechanism is probably arcing, and
similar results with tungsten-dominated spheroids and molten
metal droplets were also obtained in ASDEX upgrade.??! In
order to identify the production mechanism of the spherical
metallic dust particle, further analysis using new methods is
necessary in future.

Visible dust particles are also observed by a fast fram-
ing camera system. The results manifest that dust particles
are generally confined well in a steady state discharge. The
grains are accelerated toriodally by the ion friction force and
migrated radially by the centrifugal force. The average speed
of the dust particle is on the order of ~ 100 m/s. The trajectory

and average velocity of the carbon dust particle are simulated
by a computer program, and the obtained results are in rea-
sonable agreement with the results by the camera observation.
However, the effect of dust ablation during dust transport on
plasma performance is quite important, which is left as one of
the future research subjects.
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