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Abstract

Investigation of Deuterium
Plasma Property Variation by
Carbon Impurity from Graphite

Lim Sun-taek
Department of Energy Systems Engineering
The Graduate School

Seoul National University

Spatially and temporally varying deuterium plasma properties
caused by carbon impurity influx are investigated on the basis of
morphological change of graphite that has strong influences on
the formation of carbon impurities. The present study aims to
provide a new perspective on interpreting plasma-surface
interactions by considering the surface morphological change. It
is revealed that the consideration of the variations of both the
plasma property and the graphite morphology is necessary to
understand the deuterium plasma - graphite surface interaction.
Electron cyclotron resonance (ECR) plasma was used to graphite

target as the main interaction area and to accelerate ions with



vertical incidence on the target. Experiments were carried out
with a plasma density range of 1-35 x 10" e¢m™, an electron
temperature range of 3.5-55 eV, and an ion energy range of 17
- 100 eV, which are experimental conditions similar for the
KSTAR scrape-off layer (SOL) plasma.

The morphological change of the graphite caused by deuterium
plasma irradiation was analyzed according to the energy dose,
which is the product of the energy and dose of ions, and
therefore the energy dose indicates the total energy transferred
on graphite per unit area. The energy dose determines the degree
of the morphological change of the graphite as the energy needed
for motion of carbon atoms causing the morphological change is
proportional to the energy dose. Moreover, energetic deuterium
ion actively reacts and bonds with the carbon, resulting in the
C-D bond formation on the graphite surface. Accordingly, the
energy dose was applied up to the KSTAR SOL plasma
steady-state condition to analyze progress of the morphological
change of the graphite. As a result, the graphite morphology
changed from a plane surface to a conical tip as the energy dose
1s increased. Further increases in the energy dose enlarged the
size and the aspect ratio of the conical tip. The increased sp°
character on graphite by the ion irradiation is turned out to
induce conical tip formation on the graphite surface by containing
a small amount of diamond-like carbon, which has a slightly

higher displacement threshold energy than graphitic atoms. The
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formation of the cone-shaped carbon bundle owing to the
gathering of small conical tips occurs when the sheath electric
field is stronger than 3.8 x 10° V/m. Therefore, plasma physical
properties such as the energy dose, sheath electric field, and
plasma chemical property of C-D bond formation play crucial
roles in cone-shaped carbon bundle formation. The results
indicate that the interpretation of the plasma-based physics and
chemistry are necessary to analyze the morphological change of
graphite.

A sputtering yield model for the conical tip is established.
Considering that the morphological change of the graphite surface
entails the increment in the local angle of ion incidence and the
additional collisions of backscattered ions, the Roth’s model for a
plane surface has been modified. The newly established
sputtering yield model reflects analytical anticipation that the
morphological change of graphite caused by the energy of the
ions increases the physical and chemical sputtering yields
compared to those for a plane surface. The measured sputtering
vields for the morphologically changed graphite surface indeed
turned out to be two times larger than those estimated using
Roth’s model for a plane surface owing to the morphological
change of graphite. The results indicate that the interpretation of
the plasma physics 1s necessary to analyze both the
morphological change of graphite and the carbon impurity

formation.
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The inflow of deuterated carbon decreases the electron
temperature and increases the electron density in space, as the
deuterated carbon is more likely to be dissociated or ionized as a
result of collisions with electrons than those for deuterium. The
spatial  variation of deuterium plasma  properties  was
experimentally analyzed by based on a global model that
calculates the spatially averaged plasma properties. It is found
that increase in the sputtering yield slightly raises a few % of
the ratio of deuterated carbon to deuterium plasma, and this
slight increment induces the variation of the deuterium plasma
properties. The results indicate that the interpretation of the
interaction between the carbon impurity and the deuterium
plasma is necessary to analyze the deuterium plasma properties.

The inflow of deuterated carbon decreases the electron
temperature and increases the electron density with time, because
the morphological change of graphite with the operation time
increases the sputtering yield. Increases in the ion energy and
ion flux, i.e., an increase in the energy dose, cause a severe
morphological change of graphite, resulting in large variations of
the deuterium plasma properties. In addition, the increased ion
flux due to the carbon impurity influx into the deuterium plasma
causes additional collisions of backscattered ions, resulting in the
re-increment of the sputtering yield. Therefore, it is discovered
that the wvariation of the deuterium plasma properties caused by

the carbon impurity influx can accelerate graphite wall erosion.
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In this study, plasma and graphite are analyzed simultaneously
in order to examine the interaction between the deuterium plasma
and the graphite surface. The morphological change of graphite,
in particular, is found to be a major factor to be considered in
deuterium plasma - graphite surface interaction. The morphological
change of the graphite caused by deuterium plasma irradiation
increases the carbon impurity influx into the deuterium plasma,
resulting in large variations of the deuterium plasma properties.
New discoveries described in this study will greatly contribute to
understanding of the KSTAR plasma, which uses deuterium
plasma with graphite, and the plasma processing for carbon and
hydrogen gases. Moreover, revealed that the variation of the
plasma properties according to the operation time can be caused
by the by-products, this study is believed to provide important
basis for the estimation and control of plasma properties in the

related fields of study.

Keywords : Deuterium plasma - graphite surface interaction,
Morphological change of graphite, Sputtering yield, Carbon
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Chapter 1. Introduction

1.1. Motivation

The deuterium plasma - graphite surface interaction has been
widely investigated as graphite has been one of the common
materials used for the plasma-facing component (PFC) in fusion
devices [1-4]. However, in previous studies of the deuterium
plasma - graphite  surface interaction, the effect of the
morphological change of graphite on the deuterium plasma
properties was not Investigated. Although the morphological
change of graphite is determined by the irradiated deuterium
plasma, properties of deuterium plasma during its irradiation on
morphologically changed graphite were not discussed, which
might be due to the absence of established relationship between
the deuterium plasma and graphite surface. In order to
investigate on this relationship, the major factors that govern the
linkage between the deuterium plasma and graphite surface were
thoroughly examined.

In order to discover a key factor that links between the
deuterium plasma and graphite surface, a comparative analysis of
graphite and stainless steel under the same plasma treatment
condition has been carried out (Fig. 1.1). Figure 1.1(a) shows the

measured electron temperature and electron density for a



stainless steel and a graphite in an electron cyclotron resonance
(ECR) chamber at an ion energy of 17 eV and microwave power
of 400 W. Up to 60 mm from the target, the electron temperature
for a graphite target was lower than that for a stainless steel
target, and the electron density for a graphite target was higher
than that for a stainless steel target. Because the operation
conditions such as deuterium pressure, coil current, microwave
power, and ion energy are constant, different types of targets
cause spatial variation of deuterium plasma properties. Figure
1.1(h) shows the measured electron temperature and electron
density according to operation time in an ECR chamber at an ion
energy of 100 eV. The microwave powers are 400 W for an
average ion flux of 1.8 x 10" em?s! and 600 W for an average
ion flux of 28 x 10" cm?'. The decrease in electron
temperature and the increase in electron density are observed,
and then both stabilize, demonstrating temporal variation of
deuterium properties during its irradiation on a graphite.
Considering that the carbon impurity (CiDy), which is the
by-product of the reaction between the deuterium plasma and
graphite, is not generated by the plasma irradiation on a stainless
steel, carbon impurity can cause the variation of the deuterium
plasma properties according to time. Therefore, in this study, the
carbon impurity is considered as a key factor that links between
the deuterium plasma and graphite, and the variation of the

deuterium plasma properties during its irradiation on graphite is



analyzed based on the levels of carbon impurity. In particular,
this study considers the effect of the morphological change of
graphite on the increment of carbon impurity formation, which
was not considered in previous studies related to the deuterium
plasma - graphite surface interaction. The present study aims to
provide a new perspective on interpreting plasma-surface

interactions by considering the surface morphological change.
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1.2. Previous Studies on Interaction between

Deuterium Plasma and Graphite Surface

1.2.1. Interaction between Deuterium Plasma and Graphite

Surface

Because deuterium, rather than hydrogen, is used in fusion
plasma [1 - 4], the deuterium plasma - graphite surface interaction
has been widely studied. Until the year 2000, studies focused on
atomic-scale interactions [5-7]. The irradiated deuterium ion
causes physical and chemical sputtering, resulting in the
formation of carbon (C) and deuterated carbon (CDy),
respectively. The physical and chemical sputtering yields for the
plane surface were well defined by Roth [8]. Sputtered carbon
has a strong affinity for the surrounding deuterium ions and
redeposits to form a deuterium-rich amorphous carbon layer on
the graphite surface. The modeling of the interaction between the
deuterium plasma and the redeposited amorphous carbon layer
[6], as well as the motion of an impurity particle through the
plasma [7], was performed. Here, the deuterium plasma conditions
were used as the initial and boundary conditions. For example,
background plasma was used as an input condition in the ERO
code modeling of the motion of the impurity particle through the

plasma [7]. After the year 2000, it was considered that plasma



properties are changed by the interaction between the plasma and
impurities [9, 10]. The effects of impurities on the deuterium
plasma, such as radiative cooling [9], were considered, and the
effect of the dust on the deuterium plasma properties was
considered [10]. Currently, plasma properties, especially the
plasma flux on the target, are controlled using an intentionally
seeded impurity [11 - 13]. In summary, a carbon impurity can
cause the spatially and temporally varying deuterium plasma
properties. However, previous studies of the deuterium plasma -
graphite surface interaction considered only the plane surface,
without considering the morphological change of the graphite,
despite the observation of morphological changes such as conical
tips [14, 15], cracks [16], and surface erosion [17] in various
experiments.

The formation of conical tips is a typical change in the surface
morphology of a graphite target facing deuterium plasma ion
irradiation. Balden et al. [14] performed a study using planar
inductively coupled plasma (ICP) with deuterium ion energy of 30
eV and a flux of 3 x 10" cm?s™'. They observed the formation
of conical tips with sizes of a few tens of nanometers on
graphite when the total dose was 6.8 x 10?8 ecm? at 500 K.
Baldwin et al. [15] observed that the size of the tips increased
with a dose of ions. In the PISCES-B experiment, a graphite
target was exposed to deuterium ion energy of 40 eV and a flux

of 6 x 10® cm™s™!, and conical tips with sizes of a few hundred



nanometers formed on the graphite when the total dose was 2 x
102 cm? at 600 K. Furthermore, in a study using the ICP
source, Balden observed the effects of simultaneous thermal
(atomic) and energetic (ionic) deuterium impact on morphological
changes in graphite and compared them to ion beam
bombardment results. The pure and Ti-doped graphites
bombarded with an ion beam had needle-like structures. This
implies that the directional impact of the energetic ions enhances
the depth of the sputter etch, which is one of the dominant
physical reaction processes in these systems. In pure and
Zr—-doped graphites exposed to plasma, the directional structure is
smeared, and instead, conical tips are observed. These results
reveal that the energy and dose of the irradiation ions play
important roles in the formation of conical tips on the graphite.
In addition, cracks are generated by the surface chemical erosion
mechanism, as discussed in our previous study [16]. Yang et al.
[16] performed a study using ECR plasma with hydrogen ion
energy of 100 eV and a flux of 6.4 x 10° ecm %s’!. They observed
the uniform cracking of the surface of the irradiated graphite by
the decomposition of the less—ordered carbonaceous species.

The previous studies reveal that a carbon impurity can cause
the spatial and temporal variation of the deuterium plasma
properties. However, previous studies of the deuterium plasma -
graphite surface interaction considered only the plane surface,

without consideration of the morphological change of the graphite.



Because a carbon impurity can cause the variation of the
deuterium plasma properties, it is necessary to understand the
effects of the morphological change of graphite on the carbon
impurity formation, i.e. the sputtering yield. For example, the
increment of the ion incidence angle caused by the morphological
change of graphite can increase the sputtering yield [18]. This is

discussed in detail in the following section.

8- H ',C':.' 1_'_“ ;-j]l_ I



1.2.2. Sputtering Yield of Graphite

Impurities are defined as atoms, molecules, and particles
without fuel gas [19]. In this study, a carbon impurity is defined
as C atoms and deuterated carbon (C<Dy) molecules without the
fuel gas of deuterium for the deuterium plasma - graphite surface
interaction. The carbon impurity influx from the graphite is

defined as

p—iy (1.1)

impuri i
Here, Y is the sputtering yield of the graphite, and I} is the
incident ion flux. The physical and chemical sputtering yields for
the plane surface are well defined by Roth [8]. The total

sputtering yield is expressed as

Yoo =Y + X A+ DX )+ X, (1.2)

therm

Here, Y, s is the physical sputtering vyield, Yiem is the thermal
erosion yield, D is a parameter that depends on the hydrogen
isotope, Yawm 1s the enhanced sputtering caused by radiation
damage, and Yy, is the surface erosion. The second and third
terms on the right-hand side of Eq. (1.2) represent the “chemical
sputtering yield.” The physical sputtering yield is defined by an
energy of ions, and the chemical sputtering yield is defined by an
energy of ions, a flux of ions, and surface temperature. When the
ion has an incident angle with respect to the normal direction of

the surface, the sputtering vyield depends on this angle [18],



which 1s expressed as

Y(EO) o
YEo=0) csdeplalcos )] (1.3)

Here, E is the energy of the ion, and O is the difference between
the ion incidence angle and normal direction of the surface. When
a magnetic field is present, © is determined by the magnetic field
[19]. Considering the surface roughness, the local angle of ion
incidence, o, is generated by the wvaried surface morphology not
present in the plane surface [20]. The difference in the sputtering
yvields between a plane surface and a varied surface increases
with the ion incidence angle [20]. Backscattered ions in a neutral
form leave the surface at an 1on incidence point cosine
distributed [20]. Because the number of collisions by
backscattered ions is determined from the local incidence angle of
the ions, ion incidence on the varied surface morphology causes
additional collisions of backscattered ions on the graphite surface.
Thus, the sputtering yield is affected by the morphological
change of the graphite due to the increase of the local angle of
the ion incidence and additional collisions of backscattered ions.
The ion flux for normal incidence is expressed as

" KT, +KT;
i e s e m (14)

Here, n. is the electron density, Cs is the ion Bohm velocity, k is
the Boltzmann constant, 7. is the electron temperature, 7; is the

ion temperature, and m; is the mass of an ion [19, 21]. Thus, the
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ion flux 1is a function of the electron density, electron
temperature, ion temperature, and ion mass. When CHj is added
to the H:, plasma, the decrease of an electron temperature and
the increase of an electron density were observed with the CHy
influx into the H: plasma [22]. Because the cross-sections of
hydrogen isotopes are similar to each other, the interaction
between the deuterium (D-) plasma and deuterated carbon (CD.)
1s similar to that between the Hs plasma and CH,; gas. Therefore,
the ion flux is affected by the flowed carbon impurity properties.
Thus, the carbon impurity influx (Iimpuity) Varies by the graphite

morphology (Y) and flowed carbon impurity properties (I').
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1.3. Objective and Scope of This Study

In previous studies of the deuterium plasma - graphite surface

interaction, the effects of the morphological change of graphite

were not considered in the analysis. The ion irradiation, I'°, and

(3

carbon impurity formation, I were used to be determined

impurity
by the initial plasma properties and the initial state of the
graphite surface, which is a plane, as shown in Fig. 1.2(a). For
carbon impurities formed during deuterium ions (D°, D")
irradiation, two types were considered, carbon (C) by physical
sputtering and deuterated carbon (CD4) by chemical sputtering.
However, the graphite morphology changes during the interaction
and the surface no longer is the plane, which should affect
process of the carbon impurity formation and properties of the
plasma as well. Therefore, the effects of the morphological
change of graphite on the carbon impurity formation and on
plasma properties need to be considered in the study of the
deuterium plasma-graphite surface interaction. Figure 1.2(b)
shows a schematic that describes the interaction between
deuterium plasma and morphologically changed graphite surface.
The carbon impurity influx is considered as a key factor that

links between the deuterium plasma and graphite. The initial ion

flux, I'", generates the initial carbon impurity influx, I

) impurity *

However, the morphological change of graphite generates the
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local angle of ion incidence, o, and additional collisions of
backscattered ions, resulting in an increase in the sputtering yield

and therefore changes initial value for carbon impurity influx (.e.

It

impurity - Moreover, the increased carbon impurity also changes
the deuterium plasma properties, especially an electron

temperature and an electron density, resulting in the variation of

the ion flux, I'', on the surface. Taking all these variations

resulted from morphological change of graphite into account, the
carbon impurity influx and the plasma ion flux are newly defined
in this study. An attempt to understand the effects of the
morphological change of graphite during deuterium plasma -
graphite surface interaction is a new approach in the related
fields of study. Therefore, the new discoveries described in this
study will provide an unprecedented opportunities to investigate
plasma-surface interactions with a new perspectives by

considering the surface morphological change.
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Figure. 1.2. Schematics of point of view on the deuterium plasma
and graphite surface interaction in (a) previous study and (b)

this study.

This study aims to determine the effect of the morphological
change of graphite on the deuterium plasma - graphite surface
interaction. The analysis was carried out with the following
conditions: 1. Application of the monotonic energy of incident

ions with a high ion flux, 2. Settings of target area to be a



graphite only, and 3. Employment of vertical incidence of ions on
the target. The irradiation conditions are presented in detail in
Chapter 2. In Chapter 3, the increment of the carbon impurity
formation caused by the morphological change of the graphite is
investigated. The morphological change of the graphite due to the
deuterium plasma irradiation is analyzed by varying energy dose,
in which ranges are determined by considering the material
deformation and plasma conditions. A modification of the
sputtering yield model based on the Roth’s model which is for a
plane surface is performed to reflect the increment of the
sputtering yield caused by the morphological change of the
graphite. In Chapter 4, the mechanism for deuterium plasma
property variation caused by the carbon impurity influx is
investigated. The interaction between the carbon impurity and
deuterium plasma is studied both experimentally and analytically
using a global model. It is revealed that the carbon impurity
influx causes a decrease in electron temperature and an increase
in electron density. In Chapter 5, the mechanism for re-increment
of the carbon impurity by the increase of an ion flux is
investigated. As a result of the interaction between the deuterium
plasma and carbon impurity, it i1s observed that there 1s a
synergetic effects between ion flux and the amount of carbon
impurities such that carbon impurity influx increases the ion flux
and increased ion flux re-increases the carbon impurities. Finally,

conclusions are presented in Chapter 6.
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Chapter 2. Experimental Setup

2.1. ECR Plasma Source for High Density Ion

Irradiation

A schematic of an ECR plasma chamber is presented in Fig.
2.1. The reactor comprises a source chamber and a downstream
chamber. The source chamber has a radius of 9 cm and a height
of 12 cm, and it is made of aluminum, with a quartz plate on the
top. Microwave power at 245 GHz (SGM-15A, DAIHEN) is
supplied through the quartz at the top of the source chamber to
generate plasma. The tuner (CMC-10, DAIHEN) matches the
impedance of the ECR plasma automatically, which adjusts the
reflected power to a zero value. The downstream chamber, made
of aluminum and shaped as a rectangular parallelepiped, is
composed of two parts. The upper one is 40 cm in width, 40 cm
in depth, and 12 cm in height, and it is positioned coaxially to
the source chamber. The lower one is 70 cm in width, 40 cm in
depth, and 24 cm in height. The two external coils are at the
upper and lower positions, respectively, each separated by 7 cm
from the quartz plate. A circular plate of 1G-430 isotropic nuclear

grade graphite 45 mm in radius and 5 mm thick was prepared
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for the deuterium ion irradiation. ECR plasma was generated with
an operating deuterium gas pressure of 1 mTorr, microwave
power range of 400 - 600 W, and coil current of 110 A. The ECR
zone, whose magnetic field was 875 G, was ~207 mm from the
target, as shown in Fig. 2.2, and its area was ~3.31 cm® owing
to the conservation of the magnetic flux [23]. High energy
electrons that are generated by resonance heating sustain a
discharge at a low pressure gas. The plasma diffuses along the
magnetic field lines into a downstream chamber toward a
graphite target. A Langmuir probe was used to measure the
plasma properties near the center of a graphite target [23],
recording a plasma density range of 1-35 x 10" em™ and an
electron temperature range of 3.5-55 eV. In addition, the ion
energy range of 17-100 eV was controlled by the target bias,
which will be interpreted in detail in the following section. The
ion fluxes were estimated according to the Bohm flux model to
be within the range of 3.1 -4.9 x 10 cm %L This is similar to
the ion flux of the planar, inductively coupled deuterium plasma
[14], 3 x 10 em?s’!, but lower than that of the divertor plasma
simulator of PISCES-B: ~6 x 10 cm %! with an electron
density of 3 x 10" em™® and an electron temperature of 6 eV
[15]. The experimental conditions are prepared to simulate the far
SOL plasma interaction with the graphite PFC in KSTAR,
especially the effects of the ion irradiation energy on the

morphological changes of the KSTAR divertor target [24]. In
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addition to the ion irradiation energy, the dose of the ions was
controlled by the ion irradiation time for the analysis of the
effect of the total transferred energy on the graphite morphology,
as Chapter 3 discusses in detail. The surface temperature of the
graphite was measured using a pyrometer (MB35, Metis), as
shown in Fig. 2.3. The measured surface temperatures were used
to calculate the chemical sputtering yield. The effect of the
recycled deuterium on the plasma properties with respect to the
surface temperature was not particularly considered, because the
maximum surface temperature was lower than 750 K, which is
the first H. desorption peak of isotropic graphite [25]. This
condition may ensure that the increment of the sputtering yield
can be generated by the morphological changes of graphite. The
partial pressures of neutral species were measured during the
experiments using a residual gas analyzer (XT300, Extorr). In
particular, the deuterated carbon species that were generated at a
graphite target were measured according to the compensation of
residual gas signals under the same experimental conditions as
used for the stainless steel target. The sputtering yields of the
graphite were determined according to the weight loss method
[20, 26], by measuring the weight of the graphite before and
after the plasma irradiation using an electronic scale with an

accuracy of 10 ng.

- 18 - -"'H._E : |~.' 1_..i



| .
Microwave
10 cm Generator
1 | —
Dz Rectangular

Waveguide Pyrometer

i

ECR zone
I ! :
i
Divergent Magnetic > ! ] !
Field Pattern ':' i '1‘
— —
| s | RGA
Graphite

— —

Il\kll

Ceramic Tube

Langmuir |
T.P Probe K Target Bias

Figure 2.1. Schematic diagram of an ECR chamber for deuterium

ion irradiation of graphite.

3 =)
- 19 - A= TH &)



Magnetic Field (Gauss)

-O‘ ©o o« ~ [=2] (%] L <
(=] o (=] (=] o [=] [=] c
o o o o o o o <
N 1 | 1 1 1 1
h_
(=]
N :
So] :
@ 1% ECR zone
S ™
2a 3
o B \'\
—
3o \
32 \
Qg* \
[
T N n\.\
> o
—_ -
1] 8—
-
S8
% o
28 b
3. '
23]
N
n ]
| Target
o

Figure 2.2. Magnetic field distribution with the distance from

graphite target in an ECR chamber at a coil current of 110 A.

850

(=2} ~N N

(3, =2
O O O ©O U O U O
O O 0O 0O 0 O © O
) L ) 1 ) 1 1 1

-y

Surface Temperature (K)

300

100 eV

70 eV

40 eV

17 eV

o

2

4 6 8 10 12 14 16 18 20
Operation Time (min)

Figure 2.3. The wvariation of the surface temperature for an

incident ion energy range of 17 - 100 eV in the ECR chamber.

_ 20 _ x—g = :.-._ -::



The experimental setup using ECR plasma is employed to
achieve the following characteristics. Firstly, the incident ion has
a monotonic energy with a high flux. The ECR plasma is
generated at a relatively low pressure by resonance heating,
which brings the advantage of the collisionless sheath condition
[23]. For the collisionless sheath where the ion gains energy [23],
the deuterium ions maintain their energy and flux until they
reach the target. This ensures the precise control of the incident
ion energy by the sheath potential and the precise calculation of
the sputtering vield of the graphite. Secondly, the main
interaction area of the plasma is a graphite target. Because the
plasma is usually generated in the stainless steel chamber, the
stainless steel can be a main interaction area for the plasma. The
strong axial magnetic field of the ECR plasma suppresses the
radial diffusion of the plasma [23], resulting in a graphite target
being the main interaction area. Thirdly, the ion incidence angle
1s normal to the surface of a graphite target. This ensures the
incrementing of the carbon impurity formation by the
morphological change of the graphite in comparison with a plane

surface.
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2.2. Determination of Ion Irradiation Conditions

for DC Biased Target

A deuterium ion that passes through the sheath formed on the
target gains energy equivalent to the sheath potential [23], and
the energy of the irradiated ion can be varied according to the

bias on the target. The energy of an ion is expressed as
E=e(V,~V)=eV, 2.1)

Here, E; is the energy of the ion, V), is the plasma potential, V;
1s the target bias potential, and Vs is the sheath potential. The
measured plasma potential distribution is shown in Fig. 2.4(a).
Operational conditions such as the deuterium pressure, coil
current, and microwave power remain unchanged as the target
bias potential is varied, which provides the independence of the
bias effect from plasma properties such as the plasma potential,
electron density, and electron temperature. Thus, the energy of
the ions is independently controlled according to the target bias
potential.

The deuterium ion dose can be varied according to the ion
irradiation time, as follows:

KT,

Here, D; is the ion dose, I} is the flux of the ion, ¢ is the ion
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irradiation time, n. is the electron density, k is the Boltzmann
constant, 7, is the electron temperature, and M is the ion mass.
Because the collisionless sheath is assumed in the experimental
setup as Chapter 2.1 discussed in detail, the Bohm sheath
criterion is applied in the calculation of the ion flux [23]. In
addition, the Bohm velocity is usually used when the ions are
generated only within the source chamber and flow out of the
source in ECR plasma [23]. The measured electron density and
electron temperature distributions are shown in Fig. 2.4(b). The
ion dose is varied by changing the ion irradiation time, rather
than by modifying the bias potential or operating power, which
indicates the capability to independently control the ion dose at
constant plasma conditions.

Because the collisionless sheath was assumed, and the sheath
potential range of 17 - 100 eV was larger than the electron
temperature range of 4 - 5 eV, the sheath electric field was
calculated using Child’s Law [23]:

_4V,_ 4, v
" 3d 3 064,02,/1)" (2.3)

Here, d is the sheath thickness, and Ap is the Debye length. A
sheath electric field up to 4.9 x 10° V/m was chosen to satisfy
the fusion edge plasma condition because the sheath electric field

near the limiter surface in TEXTOR is approximately 2 x 10°
V/m [7].
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2.3. Determination of Ion Irradiation Conditions

for Pulse Biased Target

For a high sheath electric field with a low ion dose, a pulsed
bias up to 1 kV was supplied to the target. As shown in Fig.
25, a sheath electric field range of 1.71-455 x 10° V/m was
selected to satisfy the fusion edge plasma condition [7]. The
sheath electric field was controlled by varying the target bias
with the pulse system, and the stable plasma was sustained
during the operation. The pulse system was operated for 100 ms
(10 Hz), and the pulse length on the load was in the range of
130 - 200 ps, as shown in Fig. 2.6. The pulse bias comprised a
rapid pulse rise, long plateau, and slow fall time; the plateau time
was approximately 80% of the total pulse time. Here, the sheath
electric field was estimated using the bias voltage on the pulse
plateau time because the applied voltage was almost constant
with a long pulse plateau time, compared with the ion plasma
response time. The Child Langmuir sheath model was adopted to
estimate a flux of ion and a dose of ion on a graphite target
during the pulse plateau period [23]. Ions with high energies such
as 300, 500, and 1000 eV, which correspond to high—energy ion
incidence in the edge-localized mode (ELM), were irradiated

during the operation. For example, ions with energies exceeding
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500 eV have been detected during type-I ELMs in a tokamak
[27]. Note that the energy of the incident ions, which corresponds
to the sheath potential, is determined by using the potential
difference between the plasma potential and the target bias [23].
It is assumed that the effects of the secondary electron emission
due to the target surface are not serious, because high energy
ions were only irradiated during the pulse period of 2 ms during
1 s of duty time. Operational conditions such as the deuterium
pressure, coil current, and microwave power remain unchanged as
the target bias potential is varied, which provides the
independence of the bias effect from plasma properties such as
the plasma potential, electron density, and electron temperature.
Thus, the energy of the ions is independently controlled
according to the target bias potential. The surface temperature of
the graphite sample was saturated near 545 K after 1200 s, as
shown in Fig. 2.3 for the zero-bias condition. Under these
conditions, the incident ion energy was determined as 17 eV,
which corresponds to the sheath potential. Because the high
energy lons were only irradiated in 2 ms during 1 s of duty
time, the surface temperature of the graphite did not increase
remarkably and was maintained at 545 K during the irradiation.
The effects of ion sputtering on the surface are probably not
significant. The bulk plasma is not varied and the sheath electric
field is independently controlled according to the target bias

potential, resulting in the unconcern of the temperature effect on
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the graphite and the chemical erosion.
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Chapter 3. Increment of Carbon Impurity
Formation by Morphological Change of
Graphite

3.1. Energy Dose for Morphological Change of

Graphite Irradiated by Deuterium Plasma

As already discussed in Chapter 1.2, a carbon impurity is
defined as C atoms and deuterated carbon (CiDy) molecules
without the fuel gas of deuterium, and graphite morphology is
variously changed by deuterium plasma irradiation. In particular,
various parameters such as ion energy (E), ion flux (/}), ion
irradiation time (¢f) and temperature (Tiuge) determine the
morphological change of graphite. Thus, a representative
parameter, which considers the material deformation and plasma
conditions, is required to analyze the morphological change of
graphite. Except cracks and surface erosion by the binder
material [13] and high surface temperature [14], respectively, the
energy dose is established by consisting of the plasma physical

properties. The energy dose is defined as
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Energy Dose =E, x I, xt (3.1

The energy dose represents the total transferred energy on the
graphite per unit area. The energy dose is deduced from the our
previous study [28] about the averaged energy gain of C atom
by considering energy dissipation depth [29]. The energy dose is
employed to achieve the following characteristics. Firstly, the
energy dose is used to develop the standard for analysis of the
graphite deformation mechanism. Secondly, the morphological
change of graphite with an operation condition is analyzed on the
basis of the energy dose. Thirdly, the direction of the
morphological change is estimated by extrapolation from its rate
of change. For example, morphological changes of graphite are
roughly similar in energy doses of 60.8 MJ/m® and 53.8 MJ/m? as
shown in Figs. 3.1(a) and 3.1(b), respectively. Conical tip
formation on the graphite surface is shown in both the Figs.
3.1(a) and 3.1(b). Because the energy dose does not consider the
temperature effect on the morphological change of graphite, it can
not be applied to analyze severe -conditions, especially high
surface temperature, such as ELM in fusion plasma. The energy
dose is used to analyze the deuterium plasma - graphite surface

interaction up to KSTAR SOL plasma steady-state condition.
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Figure. 3.1. SEM images of graphite samples after ion irradiation

with (a) an ion energy of 40 eV and an ion dose of 95 x 10%
cm?, and (b) an ion energy of 70 eV and an ion dose of 4.8 x

10 em® Energy doses are (a) 60.8 MJ/m*® and (b) 53.8 MJ/m”.

g 2 A28k



3.2. Morphological Change of Graphite by

Deuterium Plasma Irradiation

3.2.1. Morphological Change of Graphite with Energy Dose

Morphological changes of graphite by the ion irradiation are
shown in Figs. 3.2(a)-(c). Morphological changes of graphite by
the ion irradiation and thermal load are shown in Figs. 3.2(d) and
3.2(e). It notes that the energy dose is calculated using Eq. (3.1).
Nanoscale conical tip is generated on the graphite surface at the
energy dose of 0.32 MJ/m® as shown in Fig. 3.2(a). Microscale
conical tip is generated on the graphite surface at the energy
dose of 6.8 MJ/m®> as shown in Fig. 3.2(b). The formation
mechanism of the conical tip will be interpreted in detail in the
following section. Cone-shaped carbon bundle owing to the
gathering of small conical tips is generated on the graphite
surface at the energy dose of 152 MJ/m® as shown in Fig. 3.2(c)
and this will be interpreted in detail in the following section.
Conical tip with eroded surface is generated on the graphite
surface at the energy dose of 5108 MJ/m® as shown in Fig.
32(d). In this condition, the thermal load of 15 MW/m® is
irradiated ~5 min after an ion irradiation with an energy of 100
eV and a ion dose of 3.8 x 10 em 2 Conical tip with eroded

surface is also generated on the 2011 KSTAR divertor graphite
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target at the energy dose of 9000 MJ/m® as shown in Fig. 3.2(e).
In this condition, it is assumed that the ~1300 shots with an
average irradiation time of 7 sec and an average heat flux of 1
MW/m? per each shot [30]. Figure 3.3 shows the morphological
change of graphite with the energy dose, corresponding to the
increment of conical tip size with the energy dose. Deuterium ion
irradiation generates conical tips on the graphite as shown in
Figs. 3.2(a, b, ¢), and conical tips and eroded surface are coexist
as shown in Figs. 3.2(d) and 3.2(e). Consequently, the deuterium
ion irradiation generates the conical morphology of graphite and

the thermal load generates the eroded surface of graphite.
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Figure. 3.2. (a) Nanoscale conical tip formation at the energy

dose of 0.32 MJ/m® (b) Conical tip formation at the energy dose
of 76.8 MJ/m® (c) Cone-shaped carbon bundle formation at the
energy dose of 152 MJ/m% (d) Conical tip with eroded surface at
the energy dose of 5108 MJ/m” (e) Conical tip with eroded

surface at the energy dose of 9000 MJ/m>.
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3.2.2. Formation Mechanism of Conical Tips on Graphite

Morphologically changing progress of graphite by the deuterium
ion irradiation was analyzed using energy dose, and formation of
conical tips on the graphite surface was a representative
morphology. As discussed in Chapter 1.2.2, the incrementing of
the ion incidence angle caused by the morphological change of
graphite can increase the sputtering yield. Thus, the graphite
morphology by the deuterium ion irradiation has to be defined to
establish the sputtering vyield model and to estimate the
sputtering vyield at the deuterium ion irradiation condition.
Analysis of the formation mechanism of conical tips on the
graphite can be used to define the graphite morphology, i.e.,
height, diameter, and aspect ratio of conical tip, at the deuterium
ion irradiation condition.

Figure 3.4 shows SEM images of graphite before and after ion
irradiation at a dose of 5 x 10 cm?, and Fig. 35 shows the
Raman spectra of graphite under the same conditions as in Fig.
3.4. The material characteristics, including the in-plane crystallite
size (La value), the out-of-plane stacking order, and the disorder
or defects of the graphite samples, can be determined from the
peaks of the so-called G and D bands at 1582 and 1350 cm
respectively. The presence of disorder in a sp’~hybridized carbon
system leads to an increase in the intensity of the D band.

Figure 3.4(a) shows a SEM micrograph of pristine graphite,
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which has a typical polycrystalline morphology [31, 32] and Ip/Ig
of 0.255. After deuterium ion irradiation with a sheath electric
field of 3.37 x 10° V/m and an ion dose of 5 x 10 cm™® the
surface of the graphite sample becomes roughened and then
nanoscale dot-like structures are generated, as shown in Fig.
3.4() and clearly evident from the comparison with the pristine
graphite. Ip/Is of the ion irradiated graphite with a sheath electric
field of 3.37 x 10° V/m is increased up to 0.956 in comparison
with the pristine graphite. The increase in Ip/I¢ that results from
ion irradiation indicates that there is a decrease in the in—plane
crystallite size [33] and an increase in the amount of disorder
and defects. Here, the disorder and defects are due to sp°
character and hydrogenated bonding. The number of dot-like
structures increases and they become more uniformly distributed
when a sheath electric field is increased to 3.83 x 10° V/m, as
shown in Fig. 3.4(c). Ip/I¢ of the ion irradiated graphite with a
sheath electric field of 3.83 x 10° V/m is similar to that for the
graphite with a sheath electric field of 3.37 x 10° V/m. The
Raman results and the SEM images reveal that the nanoscale
dot-like structure formed by the ion irradiation consists of mixed
sp’~sp® character and hydrogenated bonding [34, 35]. Some
portion of the sp® character originates from nanodiamond
produced by high energy ion irradiation, as confirmed in previous
reports [36, 37]. When a sheath electric field is increased further

to 455 x 10° V/m, the size of the dot-like structures increases to
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approximately 35 nm to produce the cone-shaped structures
shown in Fig. 3.4(d). This structure probably grows from the
carbon dot-like structures as a result of the plasma - surface
interaction on the graphite. From the observation of the drastic
increase in the Ip/Is value of the sample treated with a sheath
electric field of 455 x 10° V/m, we conclude that the conical tip

1s composed of more disordered and defected-carbon bonding

than the nanoscale dot-like structure.

Figure. 3.4. SEM images of graphite (a) before and (b)-(d) after
ion irradiation at a dose of 5 x 10 cm™ Sheath electric fields
are (b) 3.37 x 10° V/m, (c) 3.83 x 10° V/m, and (d) 455 x 10°
V/m.
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Figure. 3.5. Raman spectra of pristine (before irradiation) and ion

irradiated graphite; an ion dose was 5 x 10" ecm ™2

The conical tip was analyzed to have the composition of more
disordered and defected-carbon bonding than the nanoscale
dot-like structure. When a dose of ions is increased with ion
irradiation time, the size of conical tip can be increased as
expected in the Chapter 3.2.1 due to the increased energy dose
l.e. total transferred energy on the graphite. Figure 3.6 shows
SEM 1images of the graphite samples after ion irradiation with

various ion doses at a sheath electric field of 455 x 10° V/m. A



few nanometer-sized conical tips are present on the surface of
the graphite sample after irradiation with an ion dose of 1 x 10%
cm 2, as shown in Fig. 3.6(a). In Figs. 3.6(b)-(e), it is clear that
the size of the tips increases with increases in the dose of ions,
as summarized in Fig. 3.6(f). Figure 3.7 shows the Raman
spectra for the samples in Figs. 3.6(a)-(e). As indicated in Fig.
3.7, In/Ic does not vary significantly with an ion dose and it
implies that the conical tips are once formed and not grown.
This result also implies that the conical tips are composed of
more disordered and defected-carbon bonding. In addition, it
shows that the larger tips are formed through a tip-tip bonding
process, not through top growth or bottom growth. This growth

model will be discussed in the following section together.
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Figure. 3.6. SEM images of graphite samples after ion irradiation
with a sheath electric field of 455 x 10° V/m and various ion
doses: (a) 1 x 10" ecm™ (b) 5 x 10" em™, (¢) 1 x 10" em™, (d)
2 x 10 em? and (e) 5 x 10 cm™® (f) The variation in the size

of the conical tips with a dose of ions.
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Figure. 3.7. Raman spectra of pristine graphite (before irradiation)
and ion irradiated graphite irradiated with a sheath electric field
of 455 x 10° V/m and various ion doses: 1 x 10 em 2 5 x 10%

em? 1 x 107 em™? 2 x 10 em™?, and 5 x 10 em 2
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3.2.3. Formation Mechanism of Cone-shaped Carbon Bundle

on Graphite

Conical tip formation on the graphite surface by the deuterium
ion irradiation was discussed in Chapter 3.2.2. The early stage of
the conical tip formation was analyzed at a relatively low ion
dose range of 1 x 10 cm™? - 5 x 10 ecm? by using the pulse
biased target, as Chapter 2.3 discussed in detail. Because an ion
dose up to 10** [1-4] and a sheath electric field up to 2 x 10°
V/m [7] are expected in the fusion devices, the morphological
change of graphite at a high ion dose and a high sheath electric
field will be analyzed in this chapter. This will contribute to
establish the sputtering vyield model and to estimate the
sputtering yield at the deuterium ion irradiation condition.

Figure 3.8 shows SEM images of the thirty degree tilted
graphite samples after ion irradiation at constant ion flux of 1.8
x 10" em™®s™. At an ion dose of 4.8 x 10° c¢cm® with an ion
energy of 40 eV and a sheath electric field of 3 x 10° V/m, the
surface of graphite sample becomes roughened as shown in Fig.
3.8(a). When an ion dose is increased up to 95 x 10 cm? a
few hundreds of nm sized conical tips are generated, as shown
in Fig. 3.8(b). Similar morphology was observed in the deuterium
plasma ion irradiation at an ion energy of 30 eV by Balden et al

[14] and 40 eV by Balwen et al [15]. They explained that the

conical tip was formed by smearing out the directional structure
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by the thermal D from the plasma exposure [14]. When an ion
energy is increased further to 100 eV with a sheath electric field
of 38 x 10° V/m, the sharper tips are generated as shown in
Fig. 3.8(c). The size of tip is increased with a dose of ion as
shown in Fig. 3.8(d). This implies that the directional impact of
the energetic ions enhances the depth of the sputter etch,
resulting in the formation of the sharper tip than that for the

irradiated ion energy of 40 eV.
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Figure. 3.8. Thirty degrees tilted SEM images of graphite after
ion irradiation at constant ion flux of 1.8 x 10" ecm™s ™. The ion
irradiation conditions are (a) an ion energy of 40 eV, a sheath
electric field of 3 x 10° V/m, and an ion dose of 4.8 x 10® cm?,
(b) an ion energy of 40 eV, a sheath electric field of 3 x 10°
V/m, and an ion dose of 95 x 10° cm™® (c) an ion energy of
100 eV, a sheath electric field of 3.8 x 10° V/m, and an ion dose
of 48 x 10° em® and (d) an ion energy of 100 eV, a sheath
electric field of 3.8 x 10° V/m, and an ion dose of 95 x 10%

cm 2.
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Figure 3.9 shows SEM images of the top and thirty degree
tilted graphite samples after ion irradiation with a constant ion
energy of 100 eV and a sheath electric field of 4.9 x 10° V/m.
As shown in Figs. 39(a) and 3.9(b), the conical tips are more
sharper than that for the ion irradiated graphite at an ion energy
of 100 eV and a sheath electric field of 3.8 x 10° V/m. It implies
that a sheath electric field affects the formation of conical tips on
the graphite to align the direction of a sheath electric field, which
1s normal direction of the graphite surface. It is observed that
the size of the conical tips increases with increases in the dose
of ions as shown in Figs. 39(c)-(f). In particular, the
cone-shaped carbon bundle formation is generated by the
gathering of the small conical tips. A sheath electric field and a
dose of ions are important factor for the cone-shaped carbon
bundle formation on the graphite surface, which was expected in
our previous study of the formation mechanism of cone-shaped

CNT bundles [38].
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Figure. 3.9. Top (a, ¢, e) and thirty degrees tilted SEM images

(b, d, ) of graphite after ion irradiation at constant ion energy of
100 eV, an ion flux of 2.8 x 10 em?s!, and a sheath electric
field of 4.9 x 10° V/m. Doses of ions are (a), (b) 9.5 x 10 cm 2,
(©), (d) 1.9 x 10 ecm?, and (e), (f) 3.8 x 10*! cm %
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Figure 3.10 shows top-view SEM images of the graphite
samples after an ion irradiation with various sheath electric fields
at constant ion energy of 100 eV. Crack is generated after
irradiation at a sheath electric field of 1.4 x 10° V/m with an ion
dose of 2.3 x 10° em? as shown in Fig. 3.10(a), which is also
shown in our previous study [13]. After an ion irradiation at a
sheath electric field of 3.0 x 10° V/m with an ion dose of 9.5 x
10° ecm?, a few hundreds of nm sized conical tips are generated
as shown in Fig. 3.10(b). The conical tips on the graphite surface
is also generated at a sheath electric field of 4.9 x 10° V/m with
an ion dose of 95 x 10° ecm® as shown in Fig. 3.10(c). In
particular, the formation of the cone-shaped carbon bundle owing
to the gathering of small conical tips, which corresponds to the
tip—tip bonding process. Note that this shape can be obtained
through neither the top growth nor the bottom growth. Thus, the
cone-shaped carbon bundle formation is generated by the
gathering of the conical tips instead of the continuous growth of
the single tip as the growth of CNTs from the metal catalyst in
chemical vapor deposition [39]. Because an ion energy of 100 eV
is the same for Figs. 3.10(a)-(c), this result also implies that a
sheath electric field is an important factor for the cone-shaped
carbon bundle formation on the graphite surface as expected in

the our previous study [38].
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Figure. 3.10. Top-view SEM images of graphite after ion

irradiation at constant ion energy of 100 eV. The sheath electric
fields are (a) 1.4 x 10° V/m at an ion dose of 2.3 x 10% cm?,
(b) 3.0 x 10° V/m at an ion dose of 95 x 10%° cm? and (c) 4.9

x 10° V/m at an ion dose of 9.5 x 10%* cm™

We developed the formation mechanism of cone-shaped carbon
bundles as shown in Fig. 3.11, which is similar to the formation
of cone-shaped CNT bundles [38]. Figure 3.11(a) shows that an
ion Irradiation results in the initial stage of the formation of
nanoscale conical tips on the top surface of the graphite sample.
This can be caused by the formation of nanoscale dot-like

structures which were partially composed of diamond-like carbon
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[36], or the deposition of metal atoms from inner wall of the
chamber [40, 41]. Diamond-like carbon can be generated at the
top surface of the graphite, which was irradiated by high energy
ion [36]. Diamond-like carbon has a much higher displacement
threshold energy than graphitic carbon [42] such as metal atom.
So the nanoscale dot-like structures which contain a small
amount of diamond-like carbon are considered to have a slightly
higher displacement threshold energy than graphitic atoms. The
nanoscale dot-like structures and metal atoms act as a precursor
due to their smaller sputtering vyield and they grow to form
conical tips with increases in the ion dose, as represented in Fig.
3.11(b). When the ion dose is increased further, conical tips with
greater height are generated because the sputtering effect on the
shoulder of the conical tip is larger than the welded apexes of
the conical tip [38]. If a conical tip is considered as a point
dipole, as suggested in our previous study of CNTs [38], the
apexes of the conical tips are gathered by attractive dipole forces
and welded by the continuous irradiation of ions. The attractive
dipole force increases with a sheath electric field, so the
cone-shaped carbon bundle formation is achieved with the
increase of a sheath electric field. In addition, the polarizability of
the conical tip increases with its size, which results in the
increases in the size of the cone-shape carbon bundles with a

dose of ions.
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Figure. 3.11. Schematic diagram of the cone-shaped carbon
bundle formation on the graphite: (a) formation of nanoscale
dot-like structures by ion incidence or deposition of impurity
atom from sample holder/inner wall of chamber act as a
precursor; (b) initial conical tip formation is generated due to
difference of sputtering yields; (¢) conical tips with greater height
are generated by increases in an ion dose; and (d) the
cone-shaped carbon bundle formation through the collection and

welding of adjacent conical tips due to attractive dipole forces.

- 51 -



A model based on the scenario described in Fig. 3.11 was
developed for the case of the deuterium ion irradiations. Many
C-D bonds at the graphite surface or the tiny size of the conical
tip enhance the polarizability of the graphite, resulting in the
enhancement of the induced dipole moment along the axis of the
conical tip. Thus the induced dipole moment along the axis of
the conical tip i1s increased with the number of C-D dipoles at
the graphite surface, i.e., dose of deuterium ions. Note that this
model does not consider the permanent C-D dipole and it rather
considers the induced dipole moment along the axis of the conical
tip. In addition, this model can be adapted in both the CNTs [38]
and conical tips on the graphite surface because the induced
dipole for each CNTs or conical tips is considered as a point
dipole. The interaction force of the conical tip under a sheath
electric field is described in Fig. 3.12. As shown in Fig. 3.12, the

induced dipole moment along the axis of the conical tip is
p = ak,, here a is the polarizability and Eg, is an applied sheath

electric field. The dipole interaction energy U between the conical

tip 1 and the conical tip 2 is as follows [38]:

3cos’ 01
U=—aF,(+o, ————
_al ,sh( aZ 47180”'3 ) (32)

Here, a; is the polarizability of the conical tip 1, a; is the
polarizability of the conical tip 2, © is the angle between the axis
of the conical tip 2 and a sheath electric field, and r is the

distance between the conical tip 1 and conical tip 2. From Eq.
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(3.2), the dipole force between the conical tip 1 and the conical
tip 2 is

3oy E., A
= (1-3 o
dipole 4 0]"4 ( Cos )7" (33)

Consider the induced dipole moment along the axis of the conical
tip 2 as

p=a,E, cosO (3.4)
The corresponded torque, 7, on the conical tip 2 under the sheath

electric field is

Then the aligning force, Flaign, of the conical tip 2 can be

described as

F

T =T/ L=, E,, sinOcosO/ L (3.6)
Here, L is the height of the conical tip. From Egs. (3.5) and
(3.6), the net force on the conical tip can be obtained as

. 2 R -2 R
F:O(2E2 [{smecos 0+ 3 4(1—3cos2 0)}r+—sm QLCOSQZ}

i L 4reg,r

(3.7

Here the first and second terms mean the attractive force Fipole
and the repulsive aligning force Fuign In the radial direction,
respectively, which should be balanced to form the bundle. The
force in the normal direction (the third term in RHS of Eq. 3.7)

1s the force balanced with the surface adhesion of graphite.
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Figure. 3.12. Schematic of the interaction between the conical tip

1 and the adjacent conical tip 2. Eg, is a sheath electric field, ;
1s the induced dipole moment along the axis of the conical tip 2,
Faign 1s the aligning force, Faipoe 1S the dipole force, © is the
angle between the axis of the conical tip 2 and a sheath electric

field.

The applied force on the conical tip is proportional to a and
E42 as derived in Eq. (3.6). For the sheath electric field up to
38 x 10° V/m, the cone-shaped carbon bundle formation by
gathering of the small conical tips is not generated due to a low
sheath electric field. For a sheath electric field of 4.9 x 10° V/m,
however, the applied force on the conical tip is enough to bend
the conical tips due to the attractive dipole force, resulting in the
cone-shaped carbon bundle formation by gathering of the small

conical tips as shown in Fig. 3.10(c). The polarizability of
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cone—shaped carbon bundles, which correspond to Fig. 3.9, can be

calculated from their diameters and heights by using Eq. (3.7),

4, D’ 1D/ 4 H* +(D/2)*]
o= X
10® 12[H +(D/2)*] 1-3D%/§H> +(D/2)*] (3.8)

Here, D and H are the diameter and height of the conical tip
respectively. The units of D and H are ym and those of a are
Cm*V'!. By using Eq. (3.8), the polarizability of a cone-shaped
carbon bundle can be estimated from its diameter and height,
which can be obtained with experimental measurements.

The units of the polarizability were converted to A® since a
(A*=(10"/4me0)xa(Cm?V ™). The polarizabilities of cone-shaped
carbon bundles are in the range of 2.1 x 10° - 9 x 10° A® for a
sheath electric field of 49 x 10° V/m. The increases in the
polarizability with the ion dose result in increases in the size of
cone-shaped carbon bundles. The applied force on cone-shaped
carbon bundles on graphite can be compared with the
cone-shaped CNT bundles which are in the range 6.3 x 10"
25 x 10" A® for a sheath electric field of 6.1 x 10° V/m [38].
The applied force on conical tips 1is proportional to the
polarizability, a, and a sheath electric field, Eg2 so the
cone-shaped carbon bundle formation on the graphite is
generated at larger sheath electric field than that for the CNTs,
which have large polarizabilities because of their intrinsic tube
structures and vertical orientations [38].

These results indicate that the formation of conical tips on the
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graphite requires a sheath electric field of 3 x 10° V/m and the
cone-shaped carbon bundle formation by gathering of the small
conical tips requires a sheath electric field of 4.9 x 10° V/m. The
edge plasma of ERO-TEXTOR was estimated to have a sheath
electric field of 2 x 10° V/m [7], so the conical tips and the
cone-shaped carbon bundles could form on the carbon-based
walled fusion device. This observation would be related to the
enhancement of the sputtering yield of graphite in fusion devices
because the cone-shaped morphology may increase the local

angle of ion incidence [20].
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3.3. Increment of Sputtering Yield by
Morphological Change of Graphite

3.3.1. Sputtering Yield Model with Consideration of Graphite

Morphology

Because the morphology of graphite surface is not constant
during ion irradiation as discussed in Chapter 3.2, it is required
to deduce a representative morphology for the calculation of
sputtering yield. Conical tip formation on the graphite surface by
deuterium 1on 1irradiation 1s chosen as a representative
morphology in this study. For a constant energy of ion, ie.,
constant sheath electric field, the diameter and height of the
conical tip are increased with a dose of ions while maintaining
almost constant aspect ratio as shown in Fig. 3.13. According to
the results, it is assumed that the conical tip on the graphite
surface keeps its aspect ratio during the morphological change of
graphite with operation time. For a constant dose of ions, the
diameter and height of the conical tip are increased with an
energy of ion while its aspect ratio is increased as shown in Fig.
3.14. According to the results, it is assumed that aspect ratio of
the conical tip, which determines the local angle of ion incidence,
can be controlled by an energy of ion. In other words, graphite

morphologies including the local angle of ion incidence are
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controlled by the deuterium ion irradiation conditions.
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Figure. 3.13. Diameters (filled square) and heights (empty circle)
of the conical tip on the graphite after ion irradiation at constant
ion energy of 100 eV. Ion fluxes are (a) 1.8 x 10 em%s! and

(b) 2.8 x 10" ecm%s7.
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Figure. 3.14. Diameters (filled square) and heights (empty circle)
of the conical tip on the graphite after ion irradiation at constant
jon flux of 2.8 x 107 cm %’ Ion doses are (a) 4.8 x 10° cm?

and (b) 95 x 10 ecm ™
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Sputtering vield model for the conical tip on the graphite
surface 1s developed as depicted in Fig. 3.15. Because the
magnetic field effect on the angle of ion incidence is removed by
using the perpendicular magnetic field on the graphite, the local
angle of ion incidence is determined by the graphite morphology.
Local angle of ion incidence, o, is determined from cone angle, @,
of graphite morphology with relation of ¢ = 90 - ¢.
Backscattered ions in a neutral form leave the surface at an ion
incidence point cosine distributed [20]. In the present model, it is
assumed that the backscattered ions are irradiated on the
neighboring cone with local angle of |r - 30 for simplicity.
Number of collisions by backscattered ions is determined by the
local angle of incident ion. The contribution of the second and
the other collisions by re-backscattered ion is very low due to
its low energy in comparison with the first collision by
backscattered ion. Thus, a single collision by backscattered ion in
addition to the collision by incident ion is considered in the

present model.
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Figure. 3.15. Schematic illustration of the trajectory of ion
incidence on the conical shaped graphite morphology. Ion is
irradiated with local angle of ¢ due to cone angle of ¢.
Backscattered ion with form of neutral is irradiated on the

neighboring cone with local angle of |7 - 3dl.

Physical and chemical sputtering yields for normal ion
incidence on graphite are calculated from the Roth’s formula [8].
Angular dependence on physical sputtering yield is calculated

from Wei's formula [18] as

2 2
Y (EM,0)=Y""(E",c =0)xcosc 4sm 9
p}g}s‘( ] ) phys( ] ) eXp 2a2 (39)
Here, Y% is physical sputtering vield by incidence of initial ion,
phys
E}St is an energy of initial ion, Yﬁjj is physical sputtering yield

of Roth model by incidence of initial ion, a is the projected
energy range and a is the energy range straggling along the

longitudinal direction. Energy ranges (a and a) are calculated by
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TRIM [29] as shown in Fig. 3.16.
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Figure. 3.16. (a) Projected energy range, a, and (b) energy range
straggling along the longitudinal direction, a, with angle of ion

incidence for an ion energy ranges of 17 - 100 eV.

Backscattered ion ratio, Rp-s, 1s calculated using the Monte
Carlo simulation code TRIM [29] as shown in Fig. 3.17(a).
Energy of backscattered ion is determined by the ratio of energy
reflection coefficient and particle reflection coefficient [19] as

shown in Fig. 3.17(b) which is follows:

s aA-nEg" ot
I) s E’wl;t Ielks 7 S y— El;t &F&E;l _(1 ;/)Ielks 7

(3.10)

Here, " is an energy of backscattered ion, y is the ratio of

b—s
energy transfer from incident ion and to carbon atoms in the
graphite. The ratio of energy transfer from incident ion and to
carbon atoms in the graphite is assumed as the averaged energy

transfer for head-on collision as
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2MM,
(M, +M,Y (3.11)

Here, M7 and M, are the masses of incident ion and target atom,

respectively. A flux of backscattered ion is determined by Rp-s as
LY =R I} (3.12)

Here, I}" is a flux of backscattered ion and I''* is a flux of

b—s

ininial ion.
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Figure. 3.17. (a) Backscattered ion ratio, and (b) energy of
backscattered ion with angle of ion incidence for an ion energy

ranges of 17 - 100 eV.

The total sputtering yield, Yy, can be expressed as follows:

Y =Y (E¥,0)+R,_YI(E™,n—30)

tot phys i phys

+ Yo (B 0T, ) +R, Yo (B T T, (3.13)

Here, Y;,Zi 1s physical sputtering yield by incidence of
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backscattered ion, Y3 is chemical sputtering yield by incidence

chem
of initial ion, Y™ is chemical sputtering yield by incidence of

backscattered ion, and Tgus 1s surface temperature. Calculated
physical sputtering yield by incidence of initial ion, and chemical
sputtering yield by backscattered ion with angle of ion incidence
at an lon energy ranges of 17 - 100 eV are shown in Figs.

3.18(a) and (b), respectively.
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Figure. 3.18. (a) Physical sputtering vield by incidence of initial
ion, and (b) chemical sputtering yield by backscattered ion with

angle of ion incidence at an ion energy ranges of 17 - 100 eV.

According to the Fig. 3.17(b), an energy of backscattered ion is
in the range of 26 - 41.3 eV, resulting in the averaged velocity
range of 1.78 x 10" - 7.09 x 10* m/s [23]. Because the diameter
and height of the conical tip is a few ym as shown in Figs. 3.13
and 3.14, time of flight for backscattered ion in a neutral form is

~0.1 msec. Residence time of neutral, which is the chamber
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volume divided by pumping speed in an ECR chamber, is ~0.1
sec. Thousand difference between time of flight and residence
time of neutral ensures that the collisions of backscattered ion
are occurred. In particular, existence of collisions by
backscattered ion can be a reason for the increment of the

sputtering yield.
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3.3.2. Increment of Sputtering Yield by Morphological
Change of Graphite

Morphological changes of graphite after ion irradiation with
energy range of 17 - 100 eV are shown in Fig. 3.19. Local
angle of ion incidence, o0, is assumed as ~0, 45, 60, and 60
degrees with the ion energies of 17, 40, 70, and 100 eV,
respectively, from the graphite morphologies as shown in Fig.
3.19. Physical, chemical and total sputtering yields of graphite in
Eq. (3.13) from Roth model for plane surface and modified model
for conical shaped surface with ion energy range of 17 - 100 eV

are summarized in Table. 3.1. Physical sputtering yield by

incidence of initial ion, Y;,f;s, 1s Increased with an energy of ion

as expected by Roth [8]. Increase of local angle of ion incidence

due to the morphological change of graphite with an energy of

ion increases the increment of Ypl,f; from Roth model for plane

surface as shown in Fig. 3.20(a). It implies that the physical
sputtering vield is more increased at the sharp tip, which
provides large local angle of ion incidence. In addition, this
increment can be increased with an energy of ion because aspect
ratio of the conical tip is increased with an energy of ion.

Physical sputtering yield by incidence of backscattered ion,
RI,,SY;,?;S, i1s almost negligible because an energy of

backscattered ion is below 30 eV, even in high energy ion of 100
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eV as shown in Fig. 3.17(b). Chemical sputtering yield by

incidence of initial ion, Y}  is same with Roth model because

chem »
the chemical sputtering yield is not varied with local angle of ion

incidence. However, chemical sputtering yield by incidence of

backscattered ion, R, Y2 is increased with an energy of ion

chem »

because the backscattered ion ratio, K, an energy of

backscattered ion, E, and a flux of backscattered ion, I},
are increased with the local angle of ion incidence, i.e., aspect
ratio of the conical tip. Thus, increase of additional collisions by
backscattered ion increases the increment of chemical sputtering

yield from Roth model for plane surface as shown in Fig. 3.20(b).
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Figure. 3.19. Thirty degrees tilted SEM images of graphite (a)

before and (b)-(e) after ion irradiation at a constant ion flux of
27 x 10" ecm?s™! and a dose of ion is 95 x 10 cm™2 Ion

energies are (b) 17 eV, (c) 40 eV, (d) 70 eV, and (e) 100 eV.
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Roth model

Modified model

17 eV 40 eV 70 eV 100 eV 17 eV 40 eV 70 eV 100 eV
Y;;,j.s 0 0.00087 0.00676 0.01208 0 0.00148 0.01515 0.02707
R, Y j;’.‘j 0 0 0 0 0 0 0 0.00001
Y:,,Zm 0.01355 0.01806 0.01531 0.01234 0.01355 0.01806 0.01531 0.01234

2nd
R, Y= 0 0 0 0 0 0.00241  0.00622  0.00756
th 0.01355 0.01893 0.02207 0.02442 0.01355 0.02195 0.03668 0.04698
Table. 3.1. Physical, chemical and total sputtering yields of

graphite in eq. (3.13) from Roth model for plane surface and

modified model for conical shaped surface with an ion energy

range of 17 - 100 eV at a constant ion flux of 2.7 x 10" em*s™.
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Figure. 3.20. (a) Physical and (b)
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Figure 3.21 shows the total sputtering yields of graphite with
energy of ion from the Roth model for plane surface, modified
model for conical shaped surface, and measured values by weight
loss method. The measured sputtering yields by weight loss
method are ~2 times larger than sputtering yields from the Roth
model for plane surface. The sputtering yields from the modified
model which considers the graphite morphology are close to the
measured values by weight loss method, especially for the high
energy ion incidence where the conical tips on the graphite are
clearly generated. This implies that the graphite surface does not
maintain its pristine surface as a plane surface which causes the
increment of sputtering yield. As a result of this, carbon impurity
influx into the deuterium plasma will be increased with operation
condition, especially operation time. This can be the source of the
spatially and temporally varying deuterium plasma properties of

which details are discussed in the following section.
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Figure. 3.21. Total sputtering yields of graphite with an ion

energy range of 17 - 100 eV. Plane surface model (Roth)

represents the sputtering yield for plane surface, modified model

represents the sputtering yield for conical tip, and measurement

represents the sputtering yield by weight loss method.
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Chapter 4. Variation of Deuterium Plasma

Properties by Carbon Impurity

4.1. Global Model for Spatially Averaged

Deuterium Plasma Properties

The increment of sputtering yield by the morphological change
of graphite facing deuterium plasma was discussed in Chapter 3.
Because the carbon impurity influx is defined by the product of
the sputtering yield and an ion flux as Eq. (1.1), the increment of
the carbon impurity influx owing to the morphological change of
graphite is expected. To investigate the variation of deuterium
plasma properties owing to the carbon impurity influx, a reaction
mechanism between the carbon impurity and deuterium plasma
should be analyzed. In particular, the effect of the carbon
impurity influx on the wvariation of deuterium plasma properties
should be quantitatively analyzed. In order to approach this
subject, a spatially averaged (global) model has been developed
to analyze the interaction between the carbon impurity and
deuterium plasma, and to compare with the experimental
measurement. The direction of deuterium plasma property

variation is estimated by extrapolation from its rate of change.

3 ™ _17
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In the global model for D./CD; plasma, H. and CHy
cross—section data are used instead of those for Dy and CDs due
to the lack of deuterium reaction cross—section data at a low
temperature plasma. Because the cross-sections of hydrogen
isotopes are similar to each other [43], the interaction between
the Ds plasma and CD; gas is similar to that between the H,
plasma and CH,; gas. The global model composed of balance
equations for radical neutrals, neutrals, and ions, and then the
power balance was formulated to consider the energy lost to the
electron—neutral collision processes including ionization, excitation,
and elastic collisions. Reactions in the ref. [44] are used in the
model. Table 4.1 shows the considered nonradical neutrals, ions,
radical neutrals, and sticking coefficients included in the model.
Considered electron reactions with atoms and molecules, neutral
- neutral reactions, and ion - neutral reactions are summarized

in Tables 4.2, 4.3, and 4.4, respectively.

Nonradical Ions Radical Sticking
neutrals neutrals coefficient
D, CD,, D+, D,*, D, CD, CD : 0.025,

C,D,, C;Dy, D;*, CD;*, CD,, CD;, CD,: 0.025,

C,Ds C3Dg CDy,*, CDs*, C,D; CD; : 0.01,

C,D,*, C,D,*, C,D;5 : 0.01,
C,Ds5+ D : 0.001

Table. 4.1. Ion species, neutral species and sticking coefficients

[44] in the global model.
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Reaction

Chemical reaction

CH.,, excitation

CH,, ionization

CH.,, ionization
CH,, dissociation

CH,, dissociation

e+CH, > CH, +e
e+CH, > CH; +2e
e+CH, > CH, +H +2e
e+CH, >CH,+H+e
e+CH, >CH,+2H +e

H, ionization

H, excitation

e+H >H" +e

e+H >H +e

H,, excitation
H,, ionization

H,;, dissociation

e+H, >H, +e
e+H, >H, +2e
e+H, >2H +e

C,H,4, excitation
C,H,, ionization

C,;H,, dissociation

e+C,H, >C,H, +e
e+C,H, >C,H, +2e
e+C,H, »>C,H,+2H +e

C,H,, excitation

C,;H,, ionization

e+C,H, >C,H, +e
e+C,H, > C,H; +2e

C,Hy, ionization
C;Hg, ionization
C,H;, dissociation

C,;H;, dissociation

e+C,H, >C,H, +2e
e+C,H, >C,H; +H +2e
e+C,H, >C,H. +H +e
e+C,H, >C,H, +2H +e

C,Hs, ionization
C;Hs, ionization

C,Hs, dissociation

e+C,H, > C,H; +2¢
e+C,H, >C,H; +H +2e
e+C,H, >C,H, +H +e

CH,, ionization

CH,, dissociation

e+CH, —» CH, +2e
e+CH, >CH+H +e

CHs, ionization
CH,, dissociation

CH,, dissociation

e+CH, > CH; +2e
e+CH, >CH,+H+e
e+CH, >CH+2H +e

Table. 4.2. Electron reactions with

coefficients are used in Ref. [44-51].
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Reaction

Rate Constant k (cm3s1)

H+CH,—>CH,+H,
H+CH, >CH,+H,
H+CH,—>CH+H,
H+CH;,—>CH.+H,
H+CH, —2CH,
H+CH,—»CH,+H,
H+CH,—>CH,+H,
H+CH,>C,H+H,
CH,+CH, > C,H,
CH,+CH,—>C,H . +H
CH,+CH,—~>C,H,+H,
CH,+CH,>C,H,+H
CH,+CH - CH,+H
CH,+CH,>CH,
CH,+CH,>C,H,+H,
CH+CH,—»CH,+H
CH+CH, > CH,+H
CH+CH - C,H,
C,H.+CH, >C,H,
CH+CH,—>CH,

2.2x107"T7 exp(—4045/T)
1x107 exp(—7600/ T)
1x10™ exp(900/T)
2.4x1075T" exp(—3730/T)
6x107!

5x107"

9x107"° exp(—7500/T)
1x107 exp(—14000/T)
6x10™"

5x107" exp(—6800/ T)
1.7x107° exp(—16000/ T')
7x107

5x107"

1.7x1072

2x107 exp(—400/T)
1x107

6.6x107"!

2x107"

4.2x10™

4x107"

Table. 4.3. Neutral -

neutral reactions. Rate coefficients are used

in Ref. [44, 52-55] and T is the gas temperature.
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Reaction Rate Constant k (ecm3s1)
CH}+CH, —>CH} +CH, 1.5x107°
CH;+H,>CH;+H 3.3x107™
CH}+CH, >CH} +CH, 1.36x107"
H}+H, >H+H 2.5x10”
CH;+CH, >C,H! +H, 1.2x107°
H;+C,H, >C,H: +2H, 2.0x107°
H}+CH,>CH}+H, 1.6x10~°
H}+C,H, >C,H} +H, 1.9x107°
H;+C,H, >C,H} +H, 1.94%107
C,H; +CH, » C,H; +CH, 4.1x107°
C,H; +CH, > CH} +H, 6.25x107"
C,H; +CH, >C,H +H 1.44x107°
C,H/+C,H, >C,H! +CH, 3.9x107"
C,H;+C,H, >C,H, 43x107"
CH;+C,H,—»>CH;+H,+CH, 50x107"
C,H;+C,H, >CH; +CH, 2.03x107"
CH;+C,H, >C,H; +CH, 1.32x107"
CH;+C,H,>CH; 6.7x107°
GH; +C,H,>CH; +CH, 3.1x107
CH;+C,H,»>CH, 3.0x10™°

Table. 44. Ion - neutral reactions. Rate coefficients are used in

Ref. [44, 55-58].

The electron energy distribution function (EEDF) is assumed

as Maxwellian which 1s expressed as

&
/@)= (KT, )”\/_ ¢ eXp[ k_TJ (4.1)
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Here, ¢ is the electron energy. The overall charge neutrality

— (4.2)

1s implied with the assumption of singly charged ion species.
Here, n; is the ion density.

The set of balance equations is established for deuterium,

on
D _
ry =1, -0, — E knn, + kmg knn, — LE knn,, +0.5K” n, (43)
i J s .

deuterated methane (CDy),

= =1 —0 —Z:klnenCD +ijnknm —Zk,nanD
a T4 L = (4
and other radical and nonradical neutral species,
% = Zkhnenh +zknknm _zlclns'nr _Krwullnr _Or
at h JAm 4 Is ’ (4.5)

Here, Ipy, Icps are the inflow, Ops, Ocps, and O, are the outflows
of the Ds, CD,, and other radical and nonradical neutral species r
per unit time, respectively, k is the rate constant, and K. is the
number of species gain or lost on the walls per unit time and
unit volume as a result of the surface reactions. Inflow of Dy is
Inolem™/s] = 4.4 x 10 Jpy [scem]/V where Jpe is deuterium gas
inlet flow rate and V is the chamber volume in cm’. Inflow of

CD4 1S

— )T Agmphlle

£ Ty (46)

D,

Here, Y is the sputtering vyield of graphite. The sputtering of
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graphite is considered as formation of CDjs Outflow of species is
O = Upumpn/V where Upump is the pumping rate in cm®/s. Number
of species gain or lost on the walls is Kyai = YinrSeurt/4V where
y is the wall sticking coefficient, vgy 1s the average thermal
velocity of species, and Sgut 1S the chamber surface area.

The balance equations for the ion species is

N, N,

s s

Vneviz,i = A4, +hRAR)niuB,i +V D k 161 z(hL‘AL)niuB,i +V D k s

oLy oy

(47)

Here, vi,; is the ionization frequency for the production of ion
species, hy and hg are the ratios of the densities of ion species
on the axial and radial directions to the bulk, respectively, Ap
and Agr are the areas of axial and radial directions, respectively,
up; is the ion Bohm velocity, and the k. is the charge-exchange
rate coefficient. The strong axial magnetic field of the ECR
plasma suppresses the radial diffusion of the plasma [23].

The power balance equation is

R,=F +F, (4.8)

Here, P;, is the total power deposited to the plasma. The energy
lost to the electron—neutral collision processes 1is

q q Nee
Pev :eneV viz igLi :eneV v‘z ig‘zi +zveu kgexck +3velmmeTe/f /M

- i=1 R | | N (4.9)
Here, & is the total collisional energy loss for the production of
the electron—ion pair, &, is the threshold ionization energy for the

production of ion species, Ve 1S the excitation frequency, Eexe 1S
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the threshold excitation energy, Ve.s 1S the elastic collision
frequency, and 7T 1s the effective electron temperature. The
energy lost to the loss of Kkinetic energy of charged species on

the walls is

L ienivw (A4, )., +£,) (410)
Here, &, and g, are the mean electron Kkinetic energy lost per
electron and the sum of energy gained by the ion as it traverses
the sheath, respectively.

Because the inflow of deuterated methane (CD,) is determined
as equation (4.6), calculation of the sputtering yield is necessary
to estimate the carbon impurity influx. According to the
morphological change of graphite as discussed in the Chapter 3.2,
the sputtering yield is calculated by using the modified sputtering
vield model as discussed in the Chapter 3.3. Deuterated methane
(CDs) which is caused by the sputtering of graphite facing
deuterium ion irradiation reacts with deuterium plasma, resulting
in the formation of various deuterated carbon species. Figure 4.1
shows the neutral densities of deuterium and deuterated carbon
species (CxDy) by the global model. Because the sputtering of
graphite is considered as formation of CD, a neutral density of
CD; 1is largest in comparison with other deuterated carbons. In
addition, increases of deuterated carbon densities are expected as
the sputtering yield was increased. The increment of deuterated

carbon densities by the sputtering of graphite can also be
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estimated by the measurement of the partial pressure of CDy,
which is measured by RGA as shown in Fig. 4.2. For an incident
ion energy of 17 eV, the partial pressure of CD,; is almost
constant with a little increase at the end of the operation time.
For an incident ion energy of 40 eV, the increase of partial
pressure of CD, with operation time is observed. For an incident
ion energy of 100 eV, the rapid increase of partial pressure of
CD, is observed at the early ion irradiation period, and the slow
increase 1s observed at the end of the operation time. This result
can be explained that the morphological change of graphite is
remarkable with energy of ion, which corresponds to the results

in the Chapter 3.2.

10"
10131: O—f———F—H |- 5D
10125 —0—D2
——CD
11 1
10" Q/Q’/ﬁ ——CD2
10" M —+—CD3

10° ] —>—CD4
3 —0—C2D2
10 M —o—C2D4

10" 4

—o—C2D5
10° ] —+—C2D6
10 —o—C3D8

104 * T L T L T L T * T * T L
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Sputtering Yield

Neutral Density (#/cm®)

Figure. 4.1. Computed neutral densities of deuterium and
deuterated carbon species by the global model with microwave

power of 400 W and an ion energy of 40 eV.
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Figure. 4.2. Partial pressure of deuterated methane (CD,) with
operation time for an incident ion energy range of 17 - 100 eV
in an ECR chamber. A deuterium gas pressure of 1 mTorr and
microwave power of 400 W are maintained in the whole

operation time.
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4.2. Spatially Varying Deuterium Plasma

Properties by Carbon Impurity

4.2.1. Decrease of Electron Temperature and Increase of

Electron Density in Space

Figure 4.3 shows the measured electron temperature and
electron density for a stainless steel target and a graphite target
with axial distance from the target in an ECR chamber at
microwave power of 400 W. Plasma properties were measured
after 20 minutes from the ignition. A stainless steel target was
chosen for comparison with a graphite target because the
secondary electron coefficients of two materials are almost same
[59], and there is no carbon by-product at a stainless steel
target. An electron temperature for a graphite target is lower
than that for a stainless steel target, and an electron density for
a graphite target is higher than that for a stainless steel target.
Because the operation conditions such as deuterium pressure, coil
current, microwave power, and ion energy are constant, different
types of target cause this spatially varying deuterium plasma
properties. Rate coefficients of dissociation and ionization of
deuterated methane (CD4) are larger than those for deuterium
(Do), respectively [42] as shown in Fig. 4.4. Thus, formation of

carbon (C) and deuterated methane (CDs) by physical and
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chemical sputtering, respectively, causes the decrease of an
electron temperature and the increase of an electron density. For
an ion energy of 17 eV, differences in the spatial variation of
deuterium plasma properties are shown within ~60 mm from the
target. Because the carbon impurity is generated at the surface
of a graphite target, variation region is more focused near a
graphite target. For an ion energy of 40 eV, differences in the
spatial variation of deuterium plasma properties are shown in the
whole area of plasma, 1.e. bulk plasma. Thus, the bulk plasma
properties can be varied by the increase of the carbon impurity

influx, and this will be discussed in detail in following section.
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Figure. 4.3. Measured electron temperature (square with solid
line) and electron density (circle with dotted line) with distance
from the target in an ECR chamber at an ion energy of 100 eV
and microwave power of 400 W. Empty symbol: stainless steel
target; filled symbol: graphite target. Ion energies are (a) 17 eV
and (b) 40 eV.
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4.2.2. Bulk Plasma Variation by Increased Carbon Impurity

Influx

The increase of deuterated methane (CDs) with an energy of
ion was shown in Fig. 4.2 and the possibility of the bulk plasma
variation was shown in Fig. 4.3. Figure 4.5 shows the measured
electron temperatures and electron densities for a graphite target,
which are normalized by those for a stainless steel target in an
ECR chamber. For an ion energy of 40 eV, the decrease of an
electron temperature and the increase of an electron density are
intensified with axial distance from the target in comparison with
those for an ion energy of 17 eV. All carbon impurities do not
ionized in the plasma near the target when the sputtering yield is
increased, i.e., an ion energy 1s increased. This causes the
penetration of the carbon impurities into the bulk plasma where
an electron temperature is higher than that for the plasma near
the target. Thus, dissociation and ionization of deuterated carbon

are more occurred in the bulk plasma.
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Figure. 4.5. (a) Measured electron temperatures and (b) electron
densities for a graphite target which are normalized by those for

a stainless steel target in an ECR chamber at microwave power

of 400 W.

Figure 4.6 shows the computed and measured electron
temperatures and electron densities with sputtering yield at an
ion energy of 40 eV. Computed values are calculated by the

global model which was explained in the Chapter 4.1. Those data
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show similar trend within ~10 % differences in absolute values.
This indicates that the increase of sputtering yields causes the
decrease of an electron temperature and the increase of an
electron density in the space. This also indicates that the
variation of the deuterium plasma properties is caused by the
carbon impurity influx. This shows that the bulk plasma, which
1s relatively far from a graphite target, can be affected by the
carbon impurity from graphite. Thus, there is a possibility that
the bulk plasma properties are affected by wall condition. If the
previous sputtering yield model for a plane surface is used,
variation widths of the plasma properties are underestimated ~35
%. In other words, the consideration of the morphological change
of graphite is necessary to analyze, and to estimate the variation

of deuterium plasma properties.
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4.3. Temporally Varying Deuterium Plasma

Properties by Carbon Impurity

4.3.1. Decrease of Electron Temperature and Increase of

Electron Density with Operation Time

Spatially varying deuterium plasma properties were analyzed in
Chapter 4.2. As a result of the morphological change of graphite
by deuterium plasma irradiation, increased sputtering yield causes
the wvariation of bulk plasma properties. Because the graphite
morphology is also changed as operation time is increased,
temporally varying deuterium plasma properties can be caused by
temporally varying graphite morphology. Figure 4.7(a) shows the
measured electron temperature and electron density with
operation time for an ion energy of 40 eV, which are obtained
from the average of the measured probe data in an ECR source.
For a stainless steel target, an electron temperature and an
electron density are almost unchanged with operation time. For a
graphite target, however, sudden decrease of an electron
temperature and increase of an electron density are observed in 5
min, and then both stabilize. This indicates that the
morphological change of graphite is remarkable within 5 min, and
this wvariation may be closely related to the formation of

deuterated methane (CD,), which are similar to the variations of
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plasma property as observed in the Hy plasma with inflow of
CH, [22]. The effect of CD4 addition on the bulk plasma property
1s evaluated by wusing the global model, which contains the
energy lost to the electron—neutral collision processes. Figure
4.7.(b) shows the comparison of the computed and measured
electron temperatures and electron densities for a graphite target
with sputtering vyield at an ion energy of 40 eV. Those data
show similar trend within ~8 % differences in absolute values.
This indicates that the increase of sputtering yields causes the
decrease of an electron temperature and the increase of an
electron density. In particular, it provides that the wvariation of
deuterium plasma properties is influenced dominantly by the

inflow of CDa.
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Figure 4.8 show the measured electron temperature and
electron density for a graphite target with operation time at a
constant ion energy of 100 eV, and microwave powers of 400
and 600 W. The decrease of an electron temperature and the
increase of an electron density with operation time are more
remarkably observed than those in Fig. 4.7. In addition, the
decrease of an electron temperature and the increase of an
electron density are observed in 15 min, and then both stabilize.
This indicates that the morphological change of graphite is
remarkable within 15 min because the severe morphological
changes are expected in a high energy ion incidence. It notes
that the wvariation of deuterium plasma properties at an ion
energy of 40 eV is observed in 5 min as shown in Fig. 4.7.
When microwave power is increased to 600 W in comparison
with 400 W, the variation depth of an electron density and the
saturation time are larger than those for 400 W, respectively. A
high ion flux causes severe changes of the graphite morphology,
resulting in the incrementing of the carbon impurity influx and
variation of deuterium plasma properties. This will be interpreted

in detail in following section.
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4.3.2. Intensified Variation of Plasma Properties by Graphite

Morphology

Figure 4.9 shows normalized electron density, which is divided
by an electron density at operation time of 0 min, with operation
time in an ECR chamber at ion energies of 40 and 100 eV and
microwave powers of 400 and 600 W. Graphite morphologies for
an ion energy of 40 eV and microwave power of 400 W, an ion
energy of 100 eV and microwave power of 400 W, and an ion
energy of 100 eV and microwave power of 600 W are shown in
Figs. 3.8(a), 3.8(c), and 3.9(b), respectively. Variation width and
time for saturation of the normalized electron density for an ion
energy of 40 eV and microwave power of 400 W are ~3 % and
~3 min, respectively. When an ion energy is increased to 100
eV, variation width and time for saturation of normalized electron
density are increased to ~15 % and ~10 min, respectively. In
addition, variation width and time for saturation of normalized
electron density are increased to ~30 % and ~15 min at
microwave power of 600 W, respectively. Thus, severe changes
of the graphite morphology by high energy and flux of ion
incidence, i.e., the energy dose, cause the large increment of the
carbon impurity influx, resulting in large variation of an electron

density.
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Chapter 5. Re-Increment Mechanism of
Carbon Impurity Formation by Increase

of Ion Flux

The wvariation of deuterium plasma properties by the carbon
impurity was discussed in Chapter 4. As shown in Fig. 1.2(b)
and discussed in Chapter 1.3, the flowed carbon impurity changes
the deuterium plasma properties, especially the electron

temperature and electron density, resulting in the variation of the

ion flux, Fjl, on the surface. Because an ion flux is increased

with operation time as shown in Fig. 5.1(a), the effect of the
increased ion flux on the incrementing of the sputtering yield,
1e., re-increment of the sputtering yield, should be evaluated.
In addition, surface temperatures of graphite are more increased
with operation time due to the increased ion flux as shown in
Fig. 5.1(b). Increases of both an ion flux and surface temperature
are expected to increase the chemical sputtering vield by

additional collisions of backscattered ion as shown Eq. (3.13).
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As expected in the sputtering yield formula in Egs. (3.12) and
(3.13), chemical sputtering yields by initial ion and backscattered
ion depend on the initial ion flux and backscattered ion flux,
respectively. The local angle of ion incidence, o0, is assumed as
~60 and 67.5 degrees with microwave powers of 400 and 600 W,
respectively, from the graphite morphologies as shown in Fig.
5.2. Larger local angle of ion incidence provides larger
backscattered ion ratio than lower one. Thus, the product of

backscattered ion ratio (R, ,) and chemical sputtering yield by

incidence of backscattered ion (Y2 ) for the Fig. 5.2(a) is larger

chem
than that for the Fig. 5.2(b) as shown in Fig. 5.3(a). Thus, the
total sputtering yield with operation time for the Fig. 5.2(a) is
also larger than that for the Fig. 5.2(b) as shown in Fig. 5.3(b).
Figure 54 shows the total sputtering yields of graphite with
microwave power from the Roth model for a plane surface,
modified model for a conical shaped surface, and measured values
by weight loss method. The measured sputtering yields by
weight loss method are ~2 times larger than sputtering yields
from the Roth model for a plane surface. The sputtering yields

from the modified model, which considers the increment of

R, Y2 = are close to the measured values by weight loss

chem
method. This indicates that the variation of the deuterium plasma
properties caused by the carbon impurity influx can accelerate

graphite wall erosion. Consequently, the consideration of
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variations in both the graphite morphology and deuterium-plasma

properties is essential in order to understand the interaction

between deuterium plasma and a graphite surface.

Figure. 5.2. Thirty degrees tilted SEM images of graphite after
lon Irradiation at a constant ion energy of 100 eV. Microwave

powers of (a) 400 W and (b) 600 W.
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Chapter 6. Conclusions

The deuterium plasma - graphite surface interaction is
investigated by considering the surface morphology, which is a
new perspective on Interpreting plasma-surface interaction
studies. The morphological change of graphite during the
deuterium plasma irradiation is turned out to increase the carbon
impurity influx into the deuterium plasma. The carbon impurity
causes spatial and temporal variations of deuterium plasma
properties, and these variations are further increased by the
morphological change of graphite. Thus, the consideration of the
surface morphology is found to be critical in the analysis of the
plasma - surface interaction including the deuterium plasma -
graphite surface interaction.

The degree of morphological change of graphite during the
deuterium plasma irradiation is determined by both physical
properties (i.e. the energy dose and sheath electric field) and
chemical properties (i.e. C-D bond formation) of the plasma. As
the energy of incident ions induces atomic motions in the
graphite, the total energy transferred to the graphite per unit
area, 1l.e., the energy dose, determines the degree of its
morphological change. The formation of sheath on the graphite
surface during the deuterium plasma irradiation, generates force,

which is an interaction between the induced dipole and sheath

- 102 - M=



electric field, thereby shaping the graphite morphology. As the
sheath potential and C-D formation determines the intensities of
the sheath electric field and the induced dipole respectively,
plasma properties are the important factors to be considered in
the study of morphological change of graphite.

The morphological change of graphite has increased the
sputtering yield by causing increase in both the local angle of
incident ions and collisions of backscattered ions. The physical
sputtering vield for the C formation and the chemical sputtering
vield for the CD,s formation, in particular, are increased with the
morphological change of graphite. This indicates that the
sputtering yields are determined by physical and chemical
properties of the plasma, energy dose and the C-D bond
formation respectively. Therefore, the levels of plasma irradiation
determines the levels of the morphological change of graphite as
well as the carbon impurity formation.

The variation of the deuterium plasma properties is turned out
to be the decrease in electron temperatures and the increase in
electron densities with an influx of the carbon impurity.
Considering that the higher energy dose, the more severe
morphological changes are found in the graphite, the range of the
deuterium plasma variation 1is determined by the plasma
irradiation conditions. The increase in ion flux due to the carbon
impurity influx during deuterium plasma irradiation is the key

reason for the re-increment of the sputtering yield. Therefore, the
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consideration of variations in both the graphite morphology and
deuterium plasma properties is essential in order to understand
the deuterium plasma - graphite surface interaction.

The present study will contribute to the understanding of the
KSTAR plasma, which uses deuterium plasma with graphite, and
to the understanding of the plasma processing for carbon and
hydrogen gases. In particular, a new discovery described here
regarding that the by-product generated from plasma irradiation
can lead to the temporal variation of the plasma properties 1is
believed to be highly useful in the fields of studying estimation

and control of plasma properties
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