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Synopsis

In this study, the author developed a measurement technique to detect hydrogen atoms
reflected from a metal surface based upon the Doppler-spectroscopy of hydrogen Balmer-o
(Ha) emission. The developed measurement technique is a promising method to investigate
the hydrogen particle reflection properties in low incident particle energy range, which
has been considered difficult. The author applied the developed method into practice to
clarify the effects of helium (He) induced tungsten (W) surface nanostructure upon the
low energy hydrogen particle reflection.

Hydrogen particle reflection property at divertor plates is one of the important param-
eters to determine the fusion reactor operational performance. The velocity distribution
of the reflected particles and reflection coefficients are tabulated for several computational
studies such as the boundary-plasma models. The ITER (International Thermonuclear
Experimental Reactor) organization has announced the use of W as the divertor material.
While plasma-wall interaction between hydrogen plasma and W has been one of the main
research topics for last several decades, very few experimental data on the reflection
properties of hydrogen particle at the W wall have been collected especially in low incident
particle energy range; numerical simulations only provide the database of the reflection
coefficients and velocity distributions in low particle energy range. Recently, He-plasma
bombardment on a W target maintained at high surface temperature of above 1000 K
was found to result in the formation of a surface nanostructure — so-called W-fuzz. The
W-fuzz is literally observed as fuzz-like fibriform structure. Fusion reactor operations can
potentially satisfy the condition for the formation of W-fuzz on the divertor surface. To
date, the effects of the W-fuzz formation upon the W sputtering yield have been reported.
However, no literature can still be found for its effects upon the particle reflection.

So far, the measurements of energy and angular distributions of the reflected particles
at a solid surface relies on the particle method where an ion beam at kinetic energy larger
than 1 keV is injected onto a sample surface and a magnetic momentum analyzer detects
the ions reflected from the sample surface. This study clarified a decrease of ion reflection
coefficient due to the W-fuzz surface structure by applying the particle method based
upon an ion beam based test stand apparatus. A W-fuzz sample reduced the ion reflection
coefficient by 1/3 of that of a flat reference W sample without any surface structure.

The measurements were performed under the injection of hydrogen (H™) ions at kinetic



energy of 1 keV onto the W samples. In reality, however, the kinetic energy of particles
incident onto the divertor plates is expected to be below several 100 eV. The particle
method cannot be applied to the measurement of particle reflection properties in this low
energy range due to the low ion beam transport efficiency. Ion beams diverge due to the
space-charge effects; thus the ion beam flux is barely maintained for accurate reflected ion
property measurements at low particle energy. In addition, most of particles are known
to be reflected from a metal surface as neutrals, which may affect the divertor plasma
condition more largely than reflected particles in the form of ions. Indeed, it has been
reported that neutral hydrogen atoms reflected from the divertor potentially heat the
boundary plasma by carrying the energy from the sheath. Data on properties of reflected

particles in the form of neutrals need to be collected sufficiently.

In this study, the author proposes a spectroscopic-measurement technique to detect the
reflected atoms from a plasma-facing solid wall surface in low incident particle energy range.
A high resolution optical spectrometer observes a Doppler-broadened spectral component
of Hx emissions originating from the reflected atoms. The spectroscopy is performed in
the vicinity of a target surface under magnetized plasma bombardment. A negative bias
potential applied on the target accelerates ions incident onto the surface directly from
the plasma across the sheath. This method eliminates the difficulty of low energy ion
beam transport by shortening the beam transport distance. However, the spectroscopic
method accompanies another problem of low signal-to-noise ratio due to large background
signals from the plasma. Background emissions due to the plasma excitation erase the
extremely faint signal of the reflected atoms. The observation at the plasma-peripheral
region, outside of the magnetized plasma column, was found to significantly enhance the
signal-to-noise ratio by reducing the large background. The reflected hydrogen atoms were
found to be excited to the n = 3 level by collisions with local Hy molecules when traversing
plasma or plasma peripheral region after the reflection. This fact allowed for the significant
signal-to-noise ratio enhancement by removing the line of sight from the plasma-existing
region to the outer region. The contribution from the reflected atoms accounts for 10%
of the central background peak with the line of sight at the plasma periphery, while the
signals of the reflected atoms appear at bottom of the central peak with intensity only

less than 1% of the central peak in the plasma existing region.

The developed measurement technique clarified that the W-fuzz also reduces the particle
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reflection coefficient of hydrogen particles reflected as neutrals even in low incident particle
range of 200-300 eV. The continuous plasma bombardment onto the W-fuzz samples
resulted in the fuzz layer destruction. The time evolution of the Doppler-broadened Ha
emission spectra was investigated during the continuous plasma bombardment. The W-fuzz
sample was found to reduce the particle reflection coefficient by 1/2 of the flat W surface
by comparing the Doppler-spectral intensities obtained before and after the fuzz layer
destruction. In this study, the relative change in the particle reflection coefficient due to the
W-fuzz was investigated as described above. On the other hand, the quantitative modeling
studies require the absolute value of particle reflection coefficient as an input parameter.
The hydrogen particle reflection coefficient in the absolute unit can be estimated from the
observed relative change and the absolute value previously reported. For example, it is
known that the hydrogen particle reflection coefficient of W for hydrogen incidence at 300
eV is ~0.6. The observed relative change suggests that the W-fuzz sample reduces the
hydrogen particle reflection coefficient to ~0.3 at the incident particle energy of 300 eV.
This estimated value can be useful information in sensitivity studies to address the effects

of nanostructured W surface upon the divertor plasma condition.
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Chapter 1

Introduction

1.1 General Structure of a Nuclear Fusion Reactor

Over 50 years after the first concept of a nuclear fusion reactor, tokamak, was proposed,
the development of fusion power plants now progresses to the phase of technical verifi-
cation [1]. The ITER (International Thermonuclear Experimental Reactor) project [2]
involves international cooperation among seven members — China, the European Union,
India, Japan, Korea, Russia and United States to demonstrate the feasibility of fusion
power. The ITER is currently under the construction in Cadarache in southern France,
and the first plasma ignition is planned in the end of 2025. Finally, the project aims to
produce the output power 10 times larger than the input for plasma heating throughout

the deuterium-tritium (DT) plasma burning campaign to be launched in 2035.

Figure 1.1 shows the general structure of ITER [3]. The reactor mainly consists
of a torus-shaped vacuum vessel and electromagnet coils. Extremely high temperature
DT plasma hotter than ~100 million kelvin is produced by plasma heating based upon
microwave and neutral beam injection. The intense magnetic field produced by super-
conductive coils confines the heated plasma in the core region of the vacuum vessel; the
magnetic confinement of the high temperature plasma prevents the wall damage due to

the heat. The DT fusion reactions in the core region of the reactor produce neutrons at
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the kinetic energy of 14.1 MeV as follows:

D+ 3T — 5He (3.5 MeV) + jn (14.1 MeV). (1.1)

The blanket is designed to convert the kinetic energy of the fusion-produced neutrons
into the thermal energy and to heat water in the tubes at the inside of the blanket for
the power generation at steam turbines. On the other hand, the kinetic energy of the
fusion-produced « particles (3He) is delivered to the fuel DT plasma for self-sustaining
fusion reactions [4, 5]. Once the fuel plasma absorbs the energy from the « particles, the
low energy helium (He) particles, so-called He ash, need to be exhausted from the reactor
because the accumulation of He ashes in the reactor core results in a decrease of the DT

reaction rate by reducing the plasma temperature [6].

The divertor plays an important role in the efficient exhaust of impurities including
the He ash by neutralizing projectiles at the surface [7, 8]. The ionized He ashes tend

to accumulate in the reactor by being trapped by the magnetic field. It is known that

Central Solenoid

Thermal

Toroidal Field Shield

Coils

Vacuum

Vessel
Poloidal Field

Coils In vessel
Coils
First Wall &
Correction Blanket
Coils
Divertor
Feeders

Figure 1.1. General structure of ITER. This image was originally compiled by
the ITER Organization [3].
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the fusion plasma periodically causes violent particle flow from the core to the divertor,
so-called Edge Localized Mode (ELM) [9]. The ELM contributes to the transport of
the He ashes from the core to the edge region, while there are huge concerns over the
surface damage of the divertor due to the bursty thermal flux [10, 11]. The transported
impurity ions including He ashes are neutralized at the divertor surface, and exhausted as
neutrals from the reactor. The magnetic field is configured to guide the ionized particles
to the divertor surface; the magnetic field lines intersect the divertor surfaces as shown in
Fig. 1.2 [12]. The divertor surface is inclined with respect to the magnetic field in order
to disperses the intense heat flux to larger area of the divertor surface. Additionally, gas
impurities such as Ar, Ny or Ne are intentionally seeded to the divertor region to reduce
the heat flux by radiative cooling. The idea of the gas impurity seeded divertor is called

the radiative divertor [13].

\ Annular flow vertical target option
2\

Vertical targets

Figure 1.2. Structure of divertor and magnetic field configuration in the divertor
region. The magnetic field lines are illustrated by the solid lines intersecting
divertor targets. This figure was originally compiled by G Janeschitz [12].
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1.2 Plasma-Wall Interaction at Divertor

When a metal surface contacts with a plasma, particles of both plasma and wall material
interact with each other. This phenomenon is so-called plasma-wall interaction (PWI).
As shown in Fig. 1.3, PWI involves complex particle processes. In a fusion reactor,
theoretically, the divertor is the only one component directly facing the plasma. The PWI
at the divertor surface determines the overall operational performance of a reactor. For
example, sputtering results in the formation of impurities and damage of the divertor
surface. The intrusion of the impurities into the core plasma causes a decrease of the
plasma temperature by radiative cooling, which decreases the DT fusion reaction rate.
Hydrogen particles reflected from divertor plates affect fundamental plasma-boundary

processes including fuel recycling [14].

Projectile

Figure 1.3. Fundamental processes in plasma-wall interaction.

Tungsten (W) is well known as a primary candidate for the divertor material because
of its high melting point and low sputtering rate. The ITER organization has determined
the use of full-W-divertor, in which all plasma-facing parts of the divertor are literally
made of W [15]. Therefore, PWI between W and hydrogen/helium has been studied
widely by many fusion researchers. It has been reported that He-plasma bombardment
on W at high surface temperature potentially causes the formation of surface structures.
Figure 1.4 shows the He-induced W surface structures together with corresponding He-ion
bombardment conditions [16]. There are two types of He-induced W surface structures

reported so far: He bubble and fibriform nanostructure so-called W-fuzz [17, 18]. The
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He-ion bombardment onto W at the surface temperature higher than ~2000 K normally
results in the formation of He bubble. A SEM image of a typical He bubble structure is
given in Fig. 1.4(b)-(iv). On the other hand, the He-ion bombardment at lower surface
temperature of 1000 - 2000 K forms the W-fuzz nanostructure as shown in Fig. 1.4(b)-(ii).
Figure 1.4(c) shows a cross-sectional image of a W-fuzz surface observed by a TEM.
Fibriform nanostructures of several dozen nanometer in diameter are fuzzily localized in
the surface layer. These W surface structures are potentially formed on the divertor surface
because the normal reactor operation can satisfy the conditions for the surface structure
formation shown in Fig. 1.4(a). The particle energy in the divertor region is expected to
be below several 100 eV. In spite of massive efforts on the heat management including

the radiative plasma cooling with seeded gas and a well-designed water-cooling system,
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Figure 1.4. W surface structures formed by He-ion bombardment: (a) Conditions
for the formation of He bubble and W-fuzz surface structures and (b) SEM images
of corresponding surface structures. (¢) A TEM cross-sectional image of a W-fuzz
surface. All images here were originally compiled by S Kajita [16].
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the surface temperature of the W divertor plate surface can be increased high enough
for the nanostructure formation due to the high heat flux from the plasma estimated to
be up to 20 MWm™? in the ITER nuclear burning operation [15, 19]. Expectedly, the
surface-structure formation on the divertor surface would change the properties of PWI
processes. To date, the effects of the W-fuzz surface upon the sputtering yield have been
examined. It has been reported that the W-fuzz surface reduces the sputtering yield [20].

On the other hand, no literature has reported its effects upon the particle reflection so far.

1.3 Scope of This Study

The particle reflection property at the W divertor plate has been one of the main research
topics in the fusion research community because it determines terms for fusion reactor
operational performance [14]. Energy and particle reflection coefficients of hydrogen
particles are tabulated for several computational studies such as the edge-plasma simulation
models, hydrogen recycling and impurity transport analysis [21]. So far, the hydrogen
reflection at a flat W without any surface structure has been investigated widely by both
experiments and numerical simulations [22, 23]. However, very few data exist for hydrogen
reflection at plasma-modified surfaces including W-fuzz and He-bubble. This work aims
to develop a measurement technique for the hydrogen reflection in low incident particle
energy range and to clarify the effects of the W surface morphology upon the low energy
hydrogen reflection.

To date, the measurement of the particle reflection properties relies on the particle
method using ion beam based test stand apparatuses [24], where an ion sensitive detector
is employed to detect reflected hydrogen ions (both HT and H™) produced by H* ion beam
injection onto a solid sample. In this study, the hydrogen ion reflection at W including
samples with He-induced surface structures was investigated at the incident particle energy
of 1 keV by utilizing the particle method (refer to Chapter 3 and Chapter 4 about the
general structure of the ion beam based test stand apaaratus and the experimental results,
respectively) [25]. However, the space charge effect on the ions restricts the ion beam

transport especially in low energy; the low energy ion beam diverges during the transport.



CHAPTER 1. INTRODUCTION

The experimental investigation using the ion beam apparatus is limited in relatively high

incident particle energy range larger than 1 keV.

The experimental characterizations of the reflected neutral particles at lower incident
energy are indispensable because most of particles are backscattered at a metal surface
as neutral atoms [26, 27], and the energy of the incident particles onto the divertor is
expected to be lower than several 100 eV. It is known that neutral hydrogen particles
reflected from the divertor plates can heat the edge-plasma by carrying the energy from
the sheath [28]. The edge-plasma heating due to the energetic reflected particles strongly
influences the plasma-boundary conditions, which in turn affects all the boundary processes
including sputtering. Such effects are considered especially important in ITER because of
the anticipated strong ion-neutral coupling effects due to the large incident ion flux. In
this study, a new measurement technique based upon Doppler spectroscopy of hydrogen
Balmer-« (Ho) emission is proposed for the experimental characterizations of the low
energy neutral hydrogen atoms reflected at a metal surface. A metal target is inserted into
a magnetized hydrogen plasma, and a high resolution optical spectrometer observes the
Doppler-broadened Ho emission spectra originating from the reflected hydrogen atoms.
A negative bias applied onto the target in the plasma controls the incident ion energy;
H* ions in the plasma are accelerated across the sheath. The ion acceleration in the
short distance of sheath can minimize the space-charge effect on the incident ions. The
developed measurement technique was applied to the experimental investigation of the
effects of the W surface morphology, i.e., W-fuzz, upon the hydrogen reflection in the

incident particle energy range less than 300 eV.

Later in Chapter 2, the fundamental processes in plasma-wall interaction are summa-
rized. Chapter 3 provides the detailed structure of the ion beam based test stand apparatus
used for the measurements of hydrogen ion reflection properties. Chapter 4 discusses the
experimental results of the hydrogen ion reflection at W surfaces measured by the particle
method using the ion beam based test stand apparatus. From the measurements based on
the particle method, it has been clarified that the W-fuzz surface reduces the hydrogen

ion reflection coefficient. Before starting the discussion on the Doppler-spectroscopic
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measurement of hydrogen reflection, the fundamentals required to understand the optical
spectroscopic measurement are given in Chapter 5 and Chapter 6. Chapter 5 gives the
physics of light emissions in plasma, and Chapter 6 describes the basic principles of optical
spectrometers. Chapter 7 provides the details on a magnetized plasma bombardment
device designed for the Doppler-spectroscopic measurement together with the plasma
parameter characterizations. Chapter 8 introduces the newly developed measurement
technique based upon the Doppler spectroscopy of Ha emission. Chapter 9 discusses
the properties of hydrogen atoms reflected from the W-fuzz surface investigated by the

spectroscopic measurement method. Finally, Chapter 10 provides the conclusions.
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Chapter 2

Fundamental Processes 1n

Plasma-Wall Interaction

2.1 Sheath Formation

A contact of plasma to a solid material forms a region with an electrical-potential gradient
between the quasineutral plasma body and the negatively charged wall surface — so-called
the plasma sheath. The plasma shields the wall potential in a relatively short distance of
the plasma sheath due to the positive space charge formed by positive ions attracted to

the wall vicinity. The sheath thickness approximates several times of the Debye length,

Ap = \/eokBTe/(noez), where ¢ is the vacuum permittivity; kp is Boltzmann’s constant;
e is the electron charge; T, is the electron temperature; and nyq is the electron density in

the quasi-neutral plasma. The Child-Langmuir law gives the analytical formula for the

25/4 ePuy 3/4
d="= (k;OT ) Ap, (2.1)

sheath thickness [1, 2, 3]:

where ¢,, is the absolute value of the negative bias potential of the wall. For example,
the sheath thickness is calculated to be ~ 0.5 mm for the negative biased wall at —300
V in a plasma with ng = 4 x 10" ¢cm? and T, = 3.0 eV, where the plasma parameter
given above represents the actual values measured in the magnetized hydrogen plasma

used for the Doppler-spectroscopic measurements of the hydrogen reflection in this study.

13
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—

Plasma Pre-sheath Sheath

Figure 2.1. Electric-potential curve in the vicinity of a plasma-facing wall surface.

One has to note that Eq. 2.1 is only valid for a collisionless sheath. A schematic model
of the potential distribution in the vicinity of a negatively charged plasma-facing wall is
illustrated in Fig. 2.1. The potential in the vicinity of the wall surface is given by ¢ as a
function of x. The potential ¢ monotonically increases in the sheath and finally reaches
the quasi-neutral (¢ ~ 0) in the region sufficiently far from the wall. The transition point
from non-neutral to quasi-neutral (z = 0 in Fig. 2.1) is called the sheath edge. In the
region toward the plasma from the sheath edge (z < 0), a potential gradient of the order
of |kgT,/e| exists with longer spatial scale compared to the sheath. This region is so-called
presheath. The ions enter the sheath at the ion acoustic velocity, ¢, = \/m, due
to the acceleration in the presheath. Alternatively, the ion acoustic velocity is called the
Bohm velocity. In energy units, the Bohm velocity corresponds to the half energy of the
electron temperature because m;c,? /2 = kgT./2. The ions entering the sheath from the
plasma are actually required to have velocity higher than the Bohm velocity for the stable

sheath formation. This requirement is called the Bohm criterion [4, 5].

2.2 Particle Reflection

Ions in a plasma are accelerated across the sheath and incident onto the wall surface
with kinetic energy given by the sheath potential gradient. The particle reflection is
defined as the direct emission of the incident particles from the solid surface, where the
backscattering of the particles takes place in extremely short duration of time. It is known
that most of the incident ions are backscattered from the surface as neutral atoms due
to the recombination with electrons in the solid material. The proportion of reflected

particles in the form of neutral atoms is especially high in low incident particle energy

14
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Figure 2.2. Measured charge-state fractions of hydrogen particles reflected from
stainless steel under the hydrogen ion (H*) bombardment at the incident particle
energy of 10 keV. This graph was originally compiled by W Eckstein [6].

range. Eckstein et al. measured the charge-state fractions of hydrogen particles reflected
at stainless steel with hydrogen ion incidence at 10 keV [6]. As shown in Fig. 2.2, more
than 90% of the reflected hydrogen particles at low energy less than 1 keV was in the form
of neutral atoms, while the reflected neutral atoms still accounted for approximately 85%

of the total reflected particles including both negative and positive ions even at ~10 keV.

The particle reflection is often characterized by two parameters: the particle reflection
coefficient Ry and the energy reflection coefficient Rg [7, 8]. The particle reflection
coefficient Ry is simply defined as the ratio of the number of particles reflected from the
solid surface against the total number of the incident particles:

N JR—

1 Eo w/2 27
Ra(Ena) = 3 = 7 /0 aE /0 a8 /0 doW,(Bo, i B, B, 9)sin . (2.2)

Here a, g and ¢ represent angles of the incident and reflected particles. As defined in
Fig. 2.3, a and [ denote the incident and reflection angles with respect to the surface
normal, while ¢ represents the azimuthal angle of the reflected particle. The function

in the right side of Eq. 2.2, W,.(Ey, a; E, 5, ¢), is the energy distribution function of the
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Figure 2.4. Incident particle energy dependence of particle and energy reflection
coefficients for several projectile species on W target. These data were compiled
by W Eckstein [9] and digitized from Ref. [9].

reflected particle in a unit solid angle, where E and Ej represent energy of a reflected
particle and that of incident particles, respectively. The energy reflection coefficient Rg is
defined as the ratio of the average energy of the reflected particles to the incident particle

energy:

Eou 1 FEo w/2 2
Rp(Fy.0) = =22 = = [ /0 a6 /O doE - W,(Ey, 0. E, B, p)sin 5. (23)
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To date, data on particle reflection at a flat target surface without any surface structure
have been collected widely by numerical simulations. Figure 2.4 shows the incident particle
energy dependence of particle and energy reflection coefficients for several species on W
target. Graphs in Fig. 2.4 were obtained from line fittings to the calculated values [9]. The
reflection coefficients monotonically decrease with increasing the incident particle energy.
This trend can be explained by the deeper penetration depth of the projectiles with higher
incident particle energy. These high energy particles barely reach the surface again after

the penetration into deeper layer compared to lower energy particles.

2.3 Particle Sputtering

Once a projectile enters the inside of a solid wall material, it collides with the constituent
atoms of the material by drawing characteristic trajectories. If the colliding projectile
has high energy enough to overcome the binding energy of the constituent atom in the
material, the target atoms can be sprung out from its original position. The resultant free
energetic target atom collides with neighboring target atoms, resulting in the physical
sputtering as shown in Fig. 2.5(a). The trajectories of the atoms in the solid material
is called collision cascade. Additionally, the projectile itself can also contribute to the
physical sputtering by colliding with the target atom in the surface layer as shown in
Fig. 2.5(b). The physical sputtering of a material is characterized by sputtering yield

defined as ratio of the number of sputtered particles against that of incident particles:

1 Eo /2 2w
V(Eva) = [ dE [ a8 [ dpsinpWiEnaiE.5.) (2.4)
0Jo 0 0

where Ny is the total number of the incident particle; and Wi(Ey, o; E, 5, ) is the energy
distribution function of the sputtered particle in a unit solid angle. The angles «, 5 and ¢
are defined in the same manner as in the reflection as shown in Fig. 2.3.

Figure 2.6 shows energy dependence of sputtering yields of several projectile species
on W target reported so far. The data lines in Fig. 2.6 were obtained from fittings to

the calculated values [10]. At incident particle energy lower than threshold, no sputtering
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Figure 2.5. Possible collision cascades of a projectile in a solid target resulting in
sputtering.

10

0.1 3

Sputtering yield

0.01 E

0.001

0.0001 il | MR | 1 A RRET]
100 1000

0.01 0.1 1 10
Incident particle energy (keV)

Figure 2.6. Incident particle energy dependence of sputtering yields for several
projectile species on W target. These data were compiled by W Eckstein [10] and
digitized from Ref. [10].

takes place because the surface binding energy cannot be overcome. The sputtering yield
tends to increase with increasing the incident particle energy higher than the threshold.

Once it takes the maximum at certain incident particle energy, large penetration depth
of the incident particle at higher energy reduces the sputtering yield since the collision
cascade is drawn in deeper layer. Previously, the threshold energy of the sputtering for W
at normal incidence of hydrogen was estimated to be 443 eV [11], and the incident angle
dependence was found small [12]. Several analytical formulas for the sputtering threshold
energy under theoretical or fitting treatments are summarized in Ref. [12]. In this study,
hydrogen (HT) ions at kinetic energy less than 1 keV were injected onto W targets for the
particle reflection measurements, where the sputtering effect upon the surface morphology
was negligible. As shown in Fig. 2.6, the sputtering yield of W for hydrogen (H) particle
injection is less than 1 x 1073 in the incident particle energy range less than 1 keV. One
has to note that the Doppler-spectroscopy study of hydrogen reflection was performed in

the incident hydrogen particle energy range less than 300 eV, which is actually under the
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threshold energy for W sputtering.

There is another particle sputtering mechanism resulted from chemical reaction —
so-called chemical sputtering. Chemical sputtering does not take place in PWI of a
non-reactive combination of species such as hydrogen and W. However, this effect is
important for a reactive combination of species such as hydrogen and graphite, involving
the formation of hydrocarbon such as methane. Since chemical sputtering is caused by
the chemical reaction on the surface, the sputtering yield does not depend largely on the
incident particle energy. It is known that the surface temperature and the particle flux

play an important role to determine the sputtering yield [13, 14].

2.4 Particle Diffusion in Wall Material

Once the incident particles reach the maximum depth of the penetration in the wall
material, the particles thermally diffuse around the inside of the target material. The
particle diffusivity in a solid material exhibits the exponential dependence on the material

temperature, T', as given by the diffusion coefficient [15, 16]:

E
D = Dyexp (—Z ;) : (2.5)
B

where Ep is the activation energy of diffusion. Figure 2.7 shows schematics of the hydrogen
diffusion processes in tungsten numerically calculated by S Kato [17]. Larger diffusion was
confirmed for higher material temperature [17]. The particle inventory, i.e., the amount
of the particle absorbed in a wall material, is saturated during the plasma bombardment
because the wall continuously re-emits the absorbed particles reaching the surface due to
the diffusion. The saturated concentration of the particles absorbed in a material is known

to be lower at higher target temperature due to the higher diffusion as described above.
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Figure 2.7. Schematic image of hydrogen particle diffusion process in W target
as a fuction of time for different target temperatures: (a) 300 K and (b) 1000
K. The diffusion process shown was numerically calculated by S Kato, and the
images were taken from his PhD thesis [17].

2.5 Formation of Surface Structures due to Helium

Implantation

As briefly mentioned in Chapter 1, the low energy helium bombardment onto a hot W
target can create surface structures such as dense micrometer-sized pores, i.e., He bubble,
and fibriform nanostructure, i.e., W-fuzz. The He bubble surface structure can be formed
as long as the incident He ions overcome the surface barrier energy of W to enter the inside
of the bulk W [18]. Therefore, He ion implantation at low energy of 6 eV can even create
the surface structure on a W surface, where the energy of 5.5-5.9 eV is considered as the
surface barrier energy of W [19]. Near-surface He trapping at defects in the bulk W target
is proposed to contribute to the formation of He bubbles [18, 20]. The defect sites in a
solid material are known to be induced by knock-on effects due to high energy particles
or high target temperature. Since all the reported W surface structure formations so far
were actually confirmed under the He bombardment with high target surface temperature,
one can deduce that the target temperature especially plays an important role in the

creation of defects in W. The proportion of the number of thermally induced defects is
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characterized by the target temperature T' (K) as follows [21]:

N, E,F
- ~ exp(— 2, 2.
Co=NT N exp! k:BT) (2:6)

where N is the number of total lattice points in the material; N, is the number of the
defects; and E,7 is the defect generation energy. The size and number of the He bubbles
tends to increase with increasing the target temperature. Denser defects thermally induced
at higher temperature contribute to the formation of denser He bubbles and growth of
their size by coalescing neighboring bubbles, while the coalescence of the He bubbles can
also result in nanometer-sized W-fuzz under certain condition of the target temperature.
As shown in Fig. 1.4, it is known that the He ion implantation in the target temperature
region of approximately 1000 - 2000 K creates the W-fuzz [22]. The W-fuzz formation
process is illustrated in Fig. 2.8 [22]. It has been deduced that a chain occurrence of the

nanometer-sized He bubble coalescence contributes to the formation of W-fuzz structure.

Figure 2.8. Schematic images of W-fuzz formation process. These images were
originally compiled by S Kajita [22].
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Chapter 3

Structure of the Ion Beam Based
Test Stand Apparatus for Particle

Reflection Property Measurement

3.1 Introductory Remarks

One of the most sophisticated experimental techniques to investigate the particle reflection
is the particle method using an ion beam based test stand apparatus. Figure 3.1 shows
the general structure of the experimental setup used for the measurements of hydrogen
ion reflection properties. An ion sensitive detector detects charged particles, i.e., ions,
reflected from a sample surface under the ion bombardment. By employing a rotatable
structure for the reflected ion detector in a vacuum vessel, the angular distribution as
well as the angle-resolved energy distribution of the reflected ions can be measured. This
chapter presents the detailed structure of the ion beam based test stand apparatus. The

general structure of the apparatus has also been described elsewhere [1, 2, 3.

3.2 Ion Source

The ion source used here is a multicusp ion source (Fig. 3.2). The DC hot cathode

discharge based on W filaments produces a hydrogen plasma at the inside of the ion
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Figure 3.1. Ion beam based test stand apparatus.

source. A multicusp ion source has a characteristic magnetic field configuration as shown
in Fig. 3.2(b). This multicusp magnetic field structure is formed by permanent magnets
concentrically arranged on the side surface of the ion source. The cusp magnetic field
lines efficiently confine primary ionizing electrons and realize the formation of a stable
plasma [4].

The voltage applied to the ion source extracts an ion beam from the ¢6 mm aperture.
The acceleration region at the immediate downstream of the ion source has three layers
comprised of plasma electrode, deceleration electrode and ground electrode. To extract
positive HT ions, the ion source body and the plasma electrode are biased at a positive
potential, which corresponds to the ion beam energy. The gas pressure is relatively high
at the immediate downstream of the ion source because of the residual gas flow into the
downstream from the aperture. The extracted ions can ionize these neutral molecules
by collisions. Electrons produced by the ion-impact ionization of the neutrals can be
attracted by the positive bias potential of the ion source, resulting in the back stream
of electrons [5, 6]. The back-streaming electrons potentially destabilize the ion source
operation by heating electrodes. A negative bias is applied to the deceleration electrode in
order to prevent the back stream of electrons. Figure 3.2(c) shows the potential curve of
the region of acceleration and deceleration electrodes. The negative potential formed by

the deceleration electrode serves as barrier against the back-streaming electrons [5].
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Figure 3.2. A multicusp ion source. (a) An assembly diagram. (b) Multicusp
magnetic field configuration in the ion source. (c) The electric potential in the ion
acceleration region. The negative potential formed by the deceleration electrode
serves as barrier against the back-streaming electrons in order to prevent the
destabilization of the ion source operation.

3.3 Ion Beam Transport System

3.3.1 Space-Charge Effect

Once the ion beam is extracted and accelerated, it have to be transported to the target
surface with a sufficiently maintained ion flux. However, the ion beam naturally diverges
due to its space charge during the transport. Two kinds of forces work on ions in a beam
due to beam self-generated electromagnetic fields as shown in Fig. 3.3: (a) Coulomb-force

repulsion and (b) Lorentz-force attraction [7]. The electromagnetic force on a beam ion
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(a) (b) a

I=gv

Figure 3.3. Schematic model of space-charge effect [7]. (a) Coulomb force
repulsion. (b) Lorentz force attraction. (c) The space charge force on an ion in a
beam due to self-generated fields.

can be written as a linear combination of the Coulomb and Lorentz forces in a vector form:
F=¢(E+vxB), (3.1)

where q is the ion charge; F is the electric field; v is the ion velocity; and B is the magnetic

flux density. In the beam divergence direction, i.e., radial direction, one can obtain:
Fr = q(Er + UZBG) = Q(ET + ﬁzCBG)~ (32)

Here, (3, is the proportion of the particle velocity along the beam direction against the light
speed, ¢, as defined in v = fc. Assuming a beam with a cylindrically uniform distribution,

the electric field along the radial direction can be described by:

&W:LA%MM% (3.3)

€T

where p(r’) represents the beam charge density at r’. On the other hand, the integral of

Ampere’s law over radial direction gives the magnetic flux density:

mm:%AUMMﬂ (3.4)
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Since the beam current density, J(r'), can be expressed using the beam charge density as

J(r") = p(r")B.c, Eq. 3.4 can be reformulated to:

Bo(r) = HoB-c /0 Tp(r’)r'dr’. (3.5)

r

From Eq. 3.3 and 3.5, one can obtain:
By(r) = eopof.cEn(r) = %ET(T). (3.6)
Accordingly, one can reformulate Eq. 3.2 to:
F, = qE.(1 - 5.7). (3.7)

Hence, it can be concluded that an ion beam normally diverges due to the space charge for
an ion beam with 8, << 1. The space-charge effect becomes more significant especially
for an ion beam at low energy because of the long transport time due to the slow velocity;
more ions can be lost from a low-energy beam during the transport of same distance

compared to higher energy ion beam.

3.3.2 Einzel Lens

An einzel (electrostatic) lens [8] reduces the beam emittance (divergence) by electrostatically
focusing the ion beam without affecting the energy of the accelerated ion beam. The einzel

lens is comprised by three electrodes as shown in Fig. 3.4. A positive voltage is applied to

Figure 3.4. (a) A photograph and (b) a schematic drawing of the electric field in
an einzel lens.
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the middle electrode, while others at the both ends are grounded. Figure 3.4(b) shows a
schematic image of the electric field produced by the einzel lens. It basically works like a

concavoconvex lens for the ion beam.

3.3.3 Deflector

In addition to the einzel lens, deflectors are also equipped to the ion beam transport
system in order to maximize the ion beam flux. Deflectors utilized in this study consist of
two sets of two parallel electrodes, four electrodes in total. Positive and negative voltages
are applied to each of the parallel electrodes to form an electric field, which slightly bends
the ion beam in order to adjust the beam direction. In this study, voltages applied to
both lenses and deflectors are adjusted by maximizing the actual ion beam current on the

target surface while extracting the ion beam.

3.3.4 Sector Magnet

In the hydrogen ion beam extraction, all of atomic and molecular ions, i.e., HT, Hy™
and H3™, including impurities such as O™ and N* are extracted from the aperture. The
sector magnet equipped on the beam transport system separates ions according to the
Lorentz-force law: F' = gqv x B. The magnetic-flux density, B, and the momentum of the

ion, © = muv, have a directly proportional relation:

jt=qrB, (3.8)

where ¢ and r represent the electron charge of the ion and the radius of the bent ion path,
respectively. Thus, a specific ion species can be selected for the ion bombardment of a

solid sample by adjusting the magnetic field intensity.
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3.4 Magnetic Momentum Analyzer for Detection of

Reflected Ions

The transported H' ion beam is injected onto a solid sample surface, and the ions
backscattered from the surface are detected by a magnetic momentum analyzer (MMA).
Both the target holder and MMA can be rotated in the vacuum vessel, allowing for
the measurement of angle-resolved reflected particle intensity and velocity distributions.
Figure 3.5 shows the structure of the MMA. A cone-shaped concave accommodates
the target holder with high physical alignment precision by matching the cone-shaped
protuberance of the bottom of the target holder with the concave of the MMA as shown
inf Fig. 3.5(a). The beam incident angle with respect to the target surface can be adjusted
by rotating the target. Water-cooled parallel coils form the magnetic field to separate
ions in accordance with both charge and momentum by scanning the electricity. The
entrance and exit slits of the MMA collimate the ions reflected from the surface to obtain
higher angle and velocity resolutions. A micro-channel plate (MCP) detector, F4655 of
Hamamatsu Photonics, detects the ions selected by the electromagnets. The incident ions
produce secondary electrons at the surface of MCP, and the produced electron current is
amplified due to the avalanche effects.

Figure 3.6 shows an example of the spectra of reflected ions measured by the MMA.
Both reflected HT and H™ ions can be measured by a single scan of the analyzer coil
voltage from negative to positive. The analyzer coil voltage is calibrated to the energy in
the unit of electronvolt (eV) by E = (0.114 % |[V| + 0.555)%. The uncertainty of the energy

is of the order of 20 - 30% of the reflected particle energy.
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Figure 3.6. An example of spectra of reflected ions measured by MMA.
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Chapter 4

Hydrogen Ion Reflection at

Nanostructured Tungsten Surfaces

4.1 Introductory Remarks

Reflection properties of hydrogen ions at W surfaces including He bubble and W-fuzz
samples were investigated by using the ion beam based test stand apparatus in order to
clarify the effects of the surface morphology upon the particle reflection. This chapter
presents the measured results of hydrogen ion reflection properties at the He-irradiated
W surfaces together with the preparation processes and FE-SEM characterizations of the

samples. This chapter has also been published as Ref. [1].

4.2 Preparation of Nanostructured W Samples

The W samples were prepared and provided by Dr. H T Lee of Osaka University. T'wo
types of He-modified W surfaces were prepared in following manners. First, 0.3-mm
thick polycrystalline W samples (99.95% purity, Nilaco) were prepared for the He-ion
bombardments. The total area of the prepared poycrystalline W was 20x24 mm?. A
mixed beam of D + He ions at 300 V acceleration was implanted onto the W surface
maintained at 800 K. The flux of 5x10' D-particles m™?s™! (2% He) struck the surface for

the duration of 1000 s. The resultant structure of dense network of nano-bubbles localized
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within 20 nm of the surface (see Fig. 4.1(a)) is called He bubble [2]. Another polycrystalline
W was exposed to a pure He plasma at —150 V target bias for the duration of 3000 s.
The He fluence onto the W surface in this He-bombardment experiment was 6-9x10%
He-particles m~2. The surface was maintained at ~1200 K during the bombardment.
This pure He-plasma bombardment resulted in the formation of fibriform nanostructure
— so-called W-fuzz. The untreated smooth W (W-reference) was also prepared for the
comparison of hydrogen ion reflection properties.

Figure 4.1 shows surface images of the prepared samples. The presence of nanostructures

can be visually confirmed on the FE-SEM images of both D + He ions or He-plasma

bombarded W samples. One has to note that each FE-SEM images were obtained in

K

(6 W-fuzz

X25,000 1 pum

Figure 4.1. Surface images of the nanostructured W samples: (a) TEM image
of W-He_bubble sample [2], (b) photograph of W-fuzz sample, and SEM images
of (¢) W-He_bubble sample and (d) W-fuzz sample. One has to note that the
absolute scales on each SEM images are different. The SEM images were observed
with 45° tilt angle.
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different magnifications. On the surface of the W-He_bubble sample, small pore-like
structures appeared due to the He-bubble formation near the surface layer (see the SEM
image in Fig. 4.1(c)). Figure 4.1(b) shows a photograph of the surface of the W-fuzz

2 on the W surface;

sample. The fuzz structure is localized in the area of 20x12 mm
it appears black to the human eye due to its extremely low reflectance for the visible
light. The He-bubbles and pore-like structures on the W-He_bubble sample cannot be
confirmed visually by the naked eyes. Therefore, a photograph of W-He_bubble sample is

not included in Fig. 4.1.

4.3 Experiment

In this study, positive hydrogen ions (HT) at 1 keV were injected onto the prepared W
samples, and the angular and energy distributions of the reflected ions were measured.
Angle-resolved intensity and energy distributions of both backscattered H" and H™ ions
were detected by the MMA (magnetic momentum analyzer) with a single scan. The mean
reflected particle energy was estimated from the peak position of the Gaussian-shaped
energy distribution of the reflected ions measured by the MMA, where the uncertainty
of the energy was of the order of 20-30% of the reflected particle energy. The detailed

features of the experimental setup are described in Chapter 3.

4.4 Results and Discussion

Figure 4.2 shows two-dimensional (2D) contour intensity maps of H* and H™ ions backscat-
tered from W surfaces including W-He_bubble and W-fuzz. All of these angular distribu-
tions of reflected ions were measured under the injection of H* ion beam at 1 keV energy
onto the W-sample surfaces. The intensity in an arbitrary unit is shown as a function
of incident angle («) and reflection angle (f), where these angles are with respect to the
target plane as defined in Fig. 4.2(b). The solid lines correspond to specular reflection.
The intensity of reflected H™ ions was always half of that of reflected HT ions among all

samples. The intensity of reflected ions decreased in the following order: W-reference
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(polycrystalline W), W-He_bubble and W-fuzz. The W-fuzz remarkably reduced the

reflection intensity as small as about 30% of that from W-reference. The results suggest

that these surface structures make the ion reflection coefficient smaller due to increasing

the number of collisions of projectiles at the inside of samples. The angular distributions

of reflected ions from modified surfaces were broader than that from W-reference.

Classical trajectory Monte Carlo simulations using ACAT code [3] were also performed.

In the simulations, hydrogen atoms were injected onto a bulk W target. The incident

energy of hydrogen atoms was set to be 1 keV. The ACAT code classically simulates

trajectories of incident and recoiled atoms without discriminating ions from neutral atoms.

On the other hand, the MMA detects reflected particles only in the form of ions in the
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—
W-reference, H

W-reference, H

W-He bubble, H'

ON B0
O—=NWhH

W-He _bubble, H

oON O
oO—=NwhOl

0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

Reflection angle B (°)

Reflection angle 8 (°) Reflection angle 3 (°)

(b) B Reflection angle

Target
Magnetic
momentum

analyzer e
K@ Incident

angle

MCP gg/”
Sk

Figure 4.2. (a) Measured 2D contour intensity maps of Ht and H™ ions reflected
from W surfaces under the injection of H* ion beam at 1 keV energy. (b) The
definition of incident and reflection angles. The solid lines correspond to specular
reflection.
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experiment. It can be assumed that reflected particles in the form of ions possess higher
energy compared to those in the form of neutral atoms in accordance with the measured
charge-state fractions of reflected atoms reported by W Eckstein (refer to Fig. 2.2 in
Chapter 2). Considering this difference between the experiment and simulation, the
reflected particles were collected at two energy ranges: F, > 400 eV and E, > 700 eV,
where E, denotes energy of a reflected particle. Certainly, the measured average energy of
reflected HT ions was always in the range of 0.8 - 1 keV as shown in Fig. 4.4(d). Figure 4.3
(a) and (b) show the calculated 2D intensity contour maps of reflected hydrogen atoms
from W with the normal density of 19.3 g ecm 3 for two reflected particle energy ranges.
Figure 4.3 also includes calculated results for the bulk W with the density set to be
equivalent to the virtual surface density of W-fuzz. Note that the depth of the low density
layer was not specified in the simulation and the density of entire amorphous W was
assumed to be low. The virtual density of a typical fuzz layer can approximate 3.86
g cm ™3, which was estimated from the porosity of 0.8 [5, 6, 7]. The angular intensity
distributions of reflected particles from the low density W became broader in both energy

ranges compared to those of the normal density W. The calculated reflection coefficient

50
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Figure 4.3. 2D contour intensity maps of hydrogen atoms reflected from a W
surface simulated by the ACAT code. The hydrogen atoms at 1 keV energy were
assumed to be incident onto W surfaces with the density of (a-b) 19.3 g/cm?
and (c-d) 3.86 g/cm3. The reflected atoms were collected at two energy ranges of
E,. > 400 eV and E, > 700 eV. The solid lines correspond to specular reflection.
The definition of incident and reflection angles is shown in Fig. 4.2(b)
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for the low density W shows 3% drop from that for the normal density W. Remarkable
decrease of the reflection intensity occurred in the energy range of F, > 700 eV compared
to E,. > 400 eV. In both density cases, the deviation from the specular reflection is larger
at higher incident angles at E, > 700 eV compared to that at £ > 400 eV, and the 2D

intensity map at E, > 700 eV seems to explain the experimental results well.

Figure 4.4 shows the ACAT-simulated reflection angle dependence of the intensity and
average energy of reflected atoms obtained for a specific incident angle case at a = 10°
together with the measured results. In the simulation, the intensities of reflected atoms
were collected at the energy region of E,. > 700 eV, while the reflected particle energy in
Fig. 4.4(d) corresponds to the average energy of all reflected atoms collected without the
energy threshold. The intensity in the ACAT simulation is obtained as the number of
reflected particles per solid angle normalized by the number of incident particles, i.e., the
reflectance per solid angle. As shown in Fig. 4.4(a), the ACAT-simulated reflection angle
dependence of the reflectance also became lower in case of low density W corresponding
to porous W-fuzz in the experiment. Porous surface makes the reflection coefficient
lower. This is mainly caused by an increase of number of collisions as the virtual surface
density decreases. The ACAT simulation calculated the average number of collisions
to be 63.4 in normal density W and 174.8 in low density W, respectively. The ACAT
simulation explained the decrease of reflection intensity from a porous surface quantitatively.
Figure 4.4 (b) and (c¢) show the normalized reflection intensity versus the reflection angle
(B) obtained by experiment and ACAT simulation, respectively. The low density W in the
ACAT simulation made the angular distribution broader as same in the experiment where
the angular distribution became broader in case of W-fuzz. The ACAT simulation results
show wider angular distribution of the reflection intensity compared to the experiment.
The simulation results include neutrals ejected from the surface with larger number of
collisions in W. Certainly, the width of the angular intensity distribution became narrower

as the energy of reflected atoms increases as seen in Fig. 4.4(c).

Figure 4.4(d) shows both measured and simulated reflection-angle dependence of energy

of reflected particles. Reflected particle energy using analytical formula based on the
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Figure 4.4. Reflection-angle dependence of (a) the intensity, (b) normalized
intensity, and (c¢) ACAT simulation results for hydrogen atoms reflected from
normal density W (19.3 g/cm?) and low density W (3.86 g/cm?) with two reflected
particle energy thresholds, and (d) reflection-angle dependence of reflected particle
energy obtained by the ACAT simulations for both low and normal density W
together with the experimental results. The mean reflected particle energy was
estimated from the peak position of the Gaussian-shaped energy distribution in
the experiment. An analytical curve based on the binary collision approximation
(Epea), solid line is also displayed in (d). Data here were obtained under the
hydrogen ion, in the experiment, or atom, in the simulation, bombardment at the
incident particle energy of 1 keV and the incident particle angle of @ = 10°. The
experimental results are shown only for the reflected positive hydrogen ions (HT).

binary collision approximation [8] is also displayed. We can confirm the decrease of the
reflected particle energy in case of porous W-fuzz as well as low density W in the simulation,
showing small decrease of the reflected particle energy compared to the normal density W.
This fact corresponds to the increase of number of collisions in a porous W. Experimentally,
the reflected ion energy does not show a significant reflection angle dependence and the
trend is rather described nearly by the single binary collision. The difference between the
simulation and the experimental results suggests that the ion reflection may occur near

the surface layer.
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4.5 Summary

In this chapter, the effects of the W surface morphology upon the hydrogen ion reflection
were examined in relatively high incident particle energy of 1 keV. The angular and energy
distributions of H* and H™ ions reflected from fuzz and W-He_bubble were investigated.
The intensity of the reflected ions for the W-fuzz was much lower, and angular distributions
of the reflected ions for the W-fuzz and W-He_bubble samples were broader compared to
that for the W-reference. Simulations indicated that these facts could be caused by actual
low surface density and increase of number of collisions.

In reality, however, the incident particle energy is expected to be lower than several
100 eV in divertor of a fusion device, and most of the particles are reflected in the form of
neutral atoms as discussed in Section 2.2. Reflection properties of neutral hydrogen atoms
are required to be investigated in lower incident particle energy range. However, the ion
beam diverges during the transport due to space charge effects especially in this low energy
range of several 100 eV. Therefore, a new measurement technique for neutrals reflected
from a solid surface in low incident particle energy needs to be established. First of all, the
ion beam transport distance has to be much shorter than that of the ion beam based test
stand apparatus in order to minimize the ion beam loss during the transport. In addition,
another mechanism has to be introduced to detect reflected neutral particles, while the
MMA only detect ions. In later chapters, a measurement technique based upon the optical
Doppler spectroscopy is discussed. Before starting the discussion on the development of
the Doppler-spectroscopic measurement technique, fundamental knowledge required to
understand the optical spectroscopy is summarized in next chapters as follows — Chapter 5:
principles of light emissions in plasma, and Chapter 6: principles of optical spectroscopic

mstruments.
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Chapter 5

Line-Emission Spectra from

Hydrogen Plasma

5.1 Photon Emissions from Hydrogen Plasma

Excited atoms as well as molecules in a plasma radiate photons at certain wavelengths due
to the energy level transitions. Figure 5.1 shows the emission spectra from a magnetized
hydrogen plasma. The prominent sharp peaks originate from hydrogen atoms, while
excited hydrogen molecules contribute to the low intensity band spectra around 600 nm,
i.e., Hy Fulcher band. Later sections describes the basic principles of the spectral light

emission of atoms and molecules.
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Ha (656.279 nm)
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o
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Figure 5.1. Spectra emitted from a magnetized plasma recorded by a wide
wavelength range optical spectrometer.
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5.1.1 Emission from Hydrogen Atoms

An atom emits a photon as a result of the energy level transition, which is defined as the
transfer of an orbital electron from an arbitrary orbit to another. An electron in an atom
belongs to a specific discrete energy level and exists within the corresponding orbit as
shown in Fig. 5.2. This structure is called Bohr model [1]. Each discrete energy levels are
characterized by the principal quantum number, n = 1,2,3,---. The orbit radius at any
n in a hydrogen-like atom of the atomic number 7 is:

eon’h?

TZmee?

(5.1)

Tp =

where m, is the electron’s mass; e is the charge of electron; ¢; is the vacuum permittivity;
and h is Planck’s constant. The energy of the n-th level is determined by the orbital

radius:
Z 2 ZQ . 4
E, = S e (5.2)

8meoTy 8eg2n2h?’

An orbital electron can transfer to a higher discrete energy level by collision with a particle
or also a photon (i.e., excitation). An atom in the excited state has the orbital electron in

a higher discrete level, n > 2, than ground state, n = 1.

n=3

Figure 5.2. Energy levels of hydrogen-like atom in Bohr model [1].
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A photon is emitted /absorbed in an energy level transition. Considering the energy
conservation law, energy of the photon emitted/absorbed in a transition from an energy

level n to another n’ is given by:
E =|E, — E,|. (5.3)

If £, — FE, > 0, the transition is excitation, and the atom absorbs an photon. If
E, — FE, < 0, on the other hand, the transition is deexcitation, and the atom emits
an photon. The deexcitation takes place spontaneously once an atom is excited. The

wavelength A\ of the photon emitted can be calculated by:

E:hy:%:En—En/ (5.4)

where v and ¢ denote the frequency of the line and the speed of light, respectively. By
rearranging Equation 5.4 and substituting Equation 5.2 in the rearranged equation, one

obtains following equation:

2, 4
This equation is called the Rydberg formula. It is important to notice that the Rydberg
formula is only valid for hydrogen-like atoms and ions, e.g., H, He™, Li**, Be3*, etc., where
only one electron is affected by an effective nuclear charge. The coefficient of the right
side of Equation 5.5, m.e*/(8¢y?h3c), is often denoted by R, so-called Rydberg constant,

calculated to be R = 1.097 x 10" m~!, and we obtain the simplified Rydberg formula for a

hydrogen-like atom of atomic number Z:
1 9 1 1

The Rydberg formula was first formulated by J Rydberg in 1888 and found to have a
satisfactory fit to measured wavelength values of hydrogen Balmer series [2]. In 1913,

N Bohr explained the Rydberg formula theoretically by introducing the Bohr model as
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described above. For a hydrogen atom of Z = 1, the wavelengths of emissions in the Balmer
series can be calculated using Equation 5.6 as follows: 656.3 nm for Hx (n =3 — n’ = 2),

486.2 nm for HR (n =4 — n’ =2) and 434.1 nm for Hy (n =5 — n' = 2).

Again, the transition from higher energy level n = p to lower one n’ = ¢ is spontaneous.

The decay of the transition is described by [3]:

dn(p)
dt

= —A(p = @)n(p) (5.7)

p—q

where the energy levels p and g are arbitrary, and n(p) is the number density of the atoms
in the upper state n = p. A(p — ¢) denotes atomic transition probability or so-called
Einstein A coefficient in the unit of s™*. The inverse of the sum of A(p — ¢) in all possible
spontaneous transitions gives the lifetime of the excited state at the energy level n = p

against the deexcitation [3]:

B 1 B 1 58
S Apog A o) 58

q<p

The lifetime of the n = 3 state resulting in the Hx line emitted by the transition
n =3 — n’ =2 can be calculated to be ~10 ns from A(n =3 — n’ = 2) = 4.4101 x 107
and A(n =3 — n’ =1) =5.5751 x 107 [4]. It has to be noted that the presence of a strong
external field varies the lifetime of excited atoms. For example, the Stark effect due to an
external electric field can make the lifetime slightly longer [5]. It has been reported that

the Stark lifetime of hydrogen atoms in the n = 3 level can be extended up to ~20 ns [5].

5.1.2 Emission from Hydrogen Molecules

Not only atoms, but molecules can also be excited by collisions in a plasma. Spectral
emissions from molecules has more complex structure and richer number of spectral
lines than those from atoms because of the additional quantum numbers: rotational and
vibrational quantum numbers, denoted by j and v, respectively. Quantum-mechanically,

the rotational and vibrational (ro-vibrational) motion of molecules is also treated as
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eigenvalue problems, and thus the energy of the ro-vibrational motion is determined by
the rotational and vibrational quantum numbers as discrete values. In diatomic molecules,

the rotational energy is given by [6]:
E(j) = Buj(y+1) = Do (3 + 1) + -+ . (5.9)

The coefficients B, and D, can be calculated using the rotational constants, B., a., D,

and S, (in unit of cm™1), to be [6]:
1
Bv—Be—ae<v+;)+~~, (5.10)
and

Dv:De—ﬁe(v+%>+---. (5.11)

The vibrational energy is given by [6]:

1 1\? \*
E(v) = w, v—l—é — WeTe U+§ + WeYe v—|—§ + - (5.12)

where coefficients w,, w.z, and w.y. are the vibrational constants (in unit of cm™!). The
total energy of a molecule including the electronic energy level E, is simply described by

the sum of three components [6]:
E=FE +E(j) + E(v). (5.13)

The values of electronic energy, rotational and vibrational constants for specific states are

summarized in Ref. [7].

In this study, Hy Fulcher-o band spectra are used for the plasma characterization, e.g.,
the degree of dissociation, as described later in Chapter 7. The Fulcher-« band spectra are
emitted in the electronic transition of Hy molecules from the electronic state d*II, (3pm)
to a®S," (2s0). Considering the selection rule [6, 8] for the rotational-level transition, i.e.,

Ay =0,%£1 (note that y = 0 — 0 is forbidden), three branches exist in the Fulcher- band.
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For Ay = 0, the resultant branch is called Q-branch. Other rotational-level transitions
contributes to the emission band spectra of P-branch (Ay = —1) and R-branch (Ay = +1).

Table 5.1 summarizes the wavelengths of spectra in the Fulcher-a band [9, 10].

Table 5.1. Wavelength table of Hy Fulcher-a band spectra, originally compiled
by S Kado [9].

Q-branch P-branch
Transition Wavelength Transition Wavelength
(v —v'")(an7" Air (nm) (v —v")(an7" Air (nm)
(0-0)Ql1 601.8299 (0-0)P2 606.6631
(0-0)Q2 602.3757 (0-0)P3 609.5955
(0-0)Q3 603.1909 (0-0)P4 612.7648
(0-0)Q4 604.2716 (0-0)P5 616.1604
(0-0)Q5 605.6091 (0-0)P6 619.7721
(1-1)Q1 612.1787 (0-0)P7 623.5920
(1-1)Q2 612.7246 (1-1)P2 616.9639
(1-1)Q3 613.5395 (1-1)P3 619.9397
(1-1)Q4 614.6186 (1-1)P4 623.3004
(1-1)Q5 615.9565 (2-2)P2 627.1311
(2-2)Q1 6224815 (2-2)P3 629.9423
(2-2)Q2 623.0258 (2-2)P4 632.9816
(2-2)Q3 623.8391 (2-2)P5 636.2479
(2-2)Q4 624.9150 (2-2)P6 639.7445
(2-2)Q5 625.9565 (3-3)P2 637.2212
(3-3)Ql1 632.7060 (3-3)P3 639.9468
(3-3)Q2 633.2482 (3-3)P4 6429310
(3-3)Q3 634.0575
(4-4)Ql 642.8119 R-branch
(4-4Q2 643.3510 Transition Wavelength
(4-4)Q3 644.1498 (v —v")(A7)7" Air (nm)
(5-5)0Q1 652.7355
(5-5)Q2 653.2644 (0 -0)RO 5994072
(6-6)Q1 6623842 (0-0)R2 595.9825
(0-0)R3 594.7313
(0-0)R4 593.8022
(1-1)RO 609.8235
(1-1)RI1 608.0783
(I1-1)R2 606.7736
(1-1)R3 606.3283
(1-1)R4 606.2625
(2-2)RO 620.1185
(2-2)RI 618.2990
(2-2)R2 616.7732
(2-2)R3 615.5629
(2-2)R4 614.6901
(3-3)RO 630.3479
(3-3)R1 628.5384
(3-3)R2 627.3479
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5.2 Line Broadening Mechanisms

As described above, an atom as well as a molecule in deexcitation emits a photon of certain
wavelength determined by the energy difference of the transition. But measured spectral
profiles actually have broadened shapes rather than single lines due to the resolution of

the optical spectrometer and also broadening mechanisms.

5.2.1 Natural Broadening

The energy levels have dispersed uncertain layers due to Heisenberg’s uncertainty princi-
ple [11]:
h
AEAt = AET, > X (5.14)

where 7, is the finite lifetime of the energy level n = p. The dispersion of all energy levels
is known to be Lorentz profiles. The Full width at half maximum (FWHM), I') = 2AE(p),

of the Lorentzian dispersion profile is determined by [11]:
T,7, = h. (5.15)

Since the energy levels are dispersed into the Lorentzian profile, the spectral lines emitted
in energy transitions naturally have the Lorentzian shape. The halfwidth of the line

emitted in a transition n = p — n’ = ¢ can be obtained in frequency units [11]:

r T 1 1
Awyp = == = — 4 = = A(p =) + Alg ). (5.16)

p Tq

In wavelength units, one obtains [11]:

AXi)s
A

= Moaa ) 4 Al o)), (5.17)

p—3q 2mce

For hydrogen Balmer-a (He) emission at 656.279 nm, the natural broadening width
becomes ~0.1 pm, which is normally negligible in laboratory plasmas due to much wider

Doppler broadening described below.
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5.2.2 Doppler Broadening

An emitter in kinetic motions shifts the wavelength of the observed light, resulting in the
Doppler broadening of a spectrum. The wavelength shift, Ap, on an emission of wavelength

Ao due to an atom at kinetic energy of E is determined by:

2 E
A = Ao/ 22— 61 107000 2V
mc A

(5.18)

where m, ¢ and A are the particle mass, light speed and mass number of the atom,
respectively. In a plasma where number of atoms collectively exist, the wavelength shift
on an emission spectrum is determined by the temperature T (K):

2kgT

2 7

Ap = Ao (5.19)

mc

where kg is the Boltzmann’s constant. As discussed earlier, dispersion of the energy
levels contributes to the Lorentzian natural broadening of a line emission. On the other
hand, Doppler broadening due to the thermal motion of atoms or molecules results in
the Gaussian-shaped broadening of a spectrum if the emitters have a Maxwellian velocity
distribution [12]. The halfwidth of the Gaussian Doppler-broadened profile in wavelength

unit is given by [11]:

ANG knT
—T2 82t (5.20)
Ap—rq mc?

For example, the with of a Gaussian Hx spectrum Doppler-broadened due to hydrogen
atoms at temperature of 10 eV is calculated to be 0.16 nm, which is much broader compared

to the natural broadening.

5.3 Fine Structure of Hx Emission Line

In the Bohr model, the Hx emission is described as a single line emitted in the energy
level transition of n = 3 — n’ = 2. Indeed, an optical spectrometer observes one Gaussian-

shaped spectrum in most cases of hydrogen-plasma spectroscopy because the thermal
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Figure 5.3. Structures of energy level transitions in the Hx emission illustrated
by various theoretical approximations. From Kramida’s work [13].

motion in plasma contributes to the Doppler broadening and a line emission is observed as
convolution with the instrumental function of the optical spectrometer as discussed later in
Chapter 6. However, atomic line emission spectra including Hx actually consist of multiple
lines because of the fine-structured energy levels as shown in Fig. 5.3 [13]. The presence
of a doublet in Hx was first discovered by high resolution spectroscopy. Subsequently,
Dirac extended Bohr’s theory by taking the special relatively into account. In the Dirac
equation, an additional quantum number j is involved to describe the energy level E(n, j)

as follows [13, 14]:

N 1+ (:%)? (5.21)

Here the quantum number j is called the total angular momentum quantum number,

where both orbital angular momentum and spin angular momentum are taken into account.
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The coefficient « is a dimensionless constant called the fine-structure constant given as
a = e*/(4meghe) = 7.2973525664(17) x 1073. The total angular momentum quantum
number 7 is simply given by j = [ 4+ s, sum of the azimuthal quantum number [ and
the spin quantum number s, where [ = 0,1,2,--- ,n — 1, and s = £1/2. For the spin
quantum number s, +1/2 is assigned to one electron in an orbital. If the orbital has plural
electrons, -1/2 is assigned to the second electron. Namely, the spin quantum number s
alternates +1/2 for orbital electrons. Since hydrogen atom has only one orbital electron,
the spin quantum number is s = +1/2. The energy levels n = 2 and n = 3 of hydrogen
atom split in two and three separated levels, respectively. One has to note that the energy
level transitions have to satisfy the following selection rules, Aj = j — 7/ = 0,+1 (except
j=0— 7 =0)[15]. The Hx is separated into five discrete lines as shown in Fig. 5.3 [13]
because of the forbidden transition j = 1/2 «» 5/2.

To date, theoretical works based on Quantum Electrodynamics (QED) calculations [13,
16, 17, 18] have clarified the presence of further separated lines as shown in Fig. 5.3.
Table 5.2 summarizes both observed and theoretically calculated wavelengths of the lines

together with transition probabilities and energy levels [4, 13, 19].
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Table 5.2. Wavelength table of fine-structured lines in hydrogen atomic Balmer-o
spectrum [4, 13, 19]. Data were retrieved from NIST database [19].

Waveength | Wavelngtn | & | Lover | Uoper
Air (nm) Air (nm)

656.2709699 | 656.2709702 5.3877E+07 | 82 258.9191133 97 492.319433 2P 3Dsp
656.2714
656.2722

656.2724827 | 656.2724827 2.2448E+07 | 82 258.9543992821 97 492.319611 2S1n 3Psn
656.2751807 2.1046E+06 | 82258.9191133 97 492.221701 2P1n 3S1n
656.2767009 82 258.9543992821 97 492.221701 2S1n 3S1n
656.2770

656.2771534 | 656.2771533 2.2449E+07 | 82 258.9543992821 97 492.211200 2Sin 3Pin

656.279" 656.2819" 4.4101E+07 | 82 259.158 97 492.304 2 3
656.2795

656.285175 656.2851769 6.4651E+07 | 82 259.2850014 97 492.355566 | 2Pip 3Dsn»
656.28533
656.2854
656.2867336 1.0775E+07 | 82 259.2850014 97 492.319433 2Psn 3Dsn
656.2909442 4.2097E+06 | 82 259.2850014 97 492.221701 2Psn 3S1n
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Chapter 6

Spectroscopic Instruments

6.1 Principles of Optical Spectrometers

There are various types of optical spectrometers from a pocket-size low resolution spec-
trometer to a high resolution monochromator with several meter focal length. In this
study, a high-resolution monochromator with 1 m focal length is used in order to observe
the detail structure of Doppler-broadened Ho emission from energetic hydrogen atoms.
Figure 6.1 shows the structural configuration of the monochromator used in this study.
Grating is the key optical element to separate light into spectral components of their
intrinsic wavelengths based upon the wavelength-dependent diffraction angles. Mirrors in
the monochromator guides the light to the grating, and the diffracted light is recorded as

spectral profiles by the charge-coupled device (CCD) detector array mounted at the image

/AGrating
Mirror / n Image plane

CCD detector array

Entrance slit )
i Mirror
Mirror

Figure 6.1. Mounting configuration of optics in the monochromator used in this
study.

plane.

56



CHAPTER 6. SPECTROSCOPIC INSTRUMENTS

6.1.1 Grating

A diffraction grating has a micro-sized periodic structure on the surface, which splits light
into spectral components with their wavelength-dependent diffraction angles. A typical
schematic image of the diffraction grating is shown in Fig. 6.2 [1, 2]. Line grooves are
arranged periodically at regular intervals of d. When light is incident with angle a, the

grating diffracts the incident light in accordance with the grating equation [1, 2]:

mA =d(sina+sinf), m=0,+£1,4£2,---. (6.1)

Here )\ is the wavelength of diffracted light; § is the diffraction angle; and m is the
diffraction order. One has to note that o and [ are defined as angles from the grating
normal in anticlockwise. For example, o and /3 in Fig. 6.2 are a > 0 and § < 0, respectively.
At = —a, the grating acts as a mirror, and thus the diffracted light is not wavelength-
resolved. The line of the diffracted light at 8 = —a is called zero order because the
diffraction order m becomes m = 0 in Eq. 6.1. At —8 < a, m becomes positive and a
spectrum appearing in this angle region is called the inside spectrum. On the other hand,
the outside spectrum is observed at —f > «, where it gives negative m. Figure 6.3 shows
the schematic image of the light diffraction at the grating as calculated by Eq. 6.1. For

the optical spectroscopy in a wide wavelength region, we have to pay attention to the

Grating
Ciibioe normal
-
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’ \

Ingl_ d:;nt \ Diffracted
radiation : radiation

Figure 6.2. Schematic drawing of a grating and definition of angles [1, 2].
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Grating
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Figure 6.3. Schematic drawing of light diffraction at a grating and free spectral
range [3].

overlapping from adjacent orders. The free spectral range is the wavelength region where

spectra from other orders are not superimposed, and can be calculated by [3]:

A
A)\ == )\27m - )\1,m+1 == —1, (62)
m

where Ay, and Ay 11 represent the m-th order of the wavelength Ay and the (m + 1)-th
order of the wavelength \;, respectively. For the Hx (656.28 nm) emission spectroscopy at
the first order, radiations at wavelength of A < 350 nm can overlap from the diffraction
group at m = 2. This overlapping is negligible in the experimental setup in this study
because the radiations in the wavelength region of A < 350 nm have extremely low emission
intensity compared to those around 656 nm. If the overlapping of spectra is not negligible,
an optical filter can be used to cut the short wavelength spectra to prevent the overlapping

from the other orders.

All gratings have the efficiency curve as a function of wavelength, i.e., ratio of the
diffracted power against the incident power. The efficiency curve takes the maximum at
the wavelength Ag corresponding to the specular reflection with respect to the groove
normal:

a—19=19—8. (6.3)
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By substituting this angular relation to Eq. 6.1, we obtain the grating equation for the
specular reflection [1]:

mA = 2d sin ) cos(a — 9). (6.4)

For m =1 and a =0,

Ap = dsin 20. (6.5)

Here A\p is so-called blaze wavelength, and 9 is the blaze angle [1]. The efficiency curve of
a grating normally takes the maximum around the blaze wavelength, and manufactures
recommend the use of a grating in wavelength Ag/2 < A\ < 2\p considering the efficiency

curve.

6.1.2 CCD Detector

The radiation diffracted by grating can finally be recorded as spectra by an array detector
equipped on the image plane of the monochromator. In this study, a CCD array is
employed as the detector. The pixels of a CCD array consist of metal oxide semiconductor
(MOS) capacitors. Figure 6.4 shows the structure of CCD detector [4]. A positive voltage
applied to the metal gate electrode forms a potential well beneath the p-type silicon layer.
The transparent photosensitive gate electrodes made of polysilicon are exposed to the
light diffracted from the grating. The potential well formed by the voltage applied to the
polysilicon gate accumulates photoelectons for the duration of the integration time of the
measurement as shown in Fig. 6.4(a). Once the exposure ends, the accumulated charge
in the potential well is transferred to the read-out circuit by alternatingly applying the
positive voltage to the adjacent polysilicon gate as shown in Fig. 6.4(b) [4]. The CCD
signal transfer methods are classified into four types: frame transfer (FT), full frame
transfer (FFT), interline transfer (IT) and frame interline transfer (FIT) [4]. The CCD
array used in this study transfers the signals based upon FFT. Figure 6.4(c) shows the
structure of a FFT CCD. Alternatively, a photomultiplier tube (PMT) can also be used
as a detector to record spectra. In use of a PMT, the grating mount angle needs to be

scanned in order to record a spectral profile. An exit slit is employed to separate the
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spectral light, and the PMT converts the light signal passing through the exit slit to

electric signal while scanning the grating mount angle.
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Figure 6.4. Basic structure of a CCD detector array and its operation principles [4]:
(a) the data acquisition mode, (b) data transfer mode, and (c¢) structure of full
frame transfer CCD.
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6.2 Optics

6.2.1 Window

In this study, the monochromator observes visible light emission spectra from a hydrogen
plasma formed in a vacuum vessel. The emissions are measured through a transparent
window of the vacuum vessel. The selection of a material for the window is important
considering the wavelength dependence of the light transmittance; light from the plasma
can be cut off by the window in inappropriate choice of a window material. Figure 6.5 shows
the light transmittance of several vacuum-window materials as functions of wavelength [1].
All of the window materials compiled in Fig. 6.5 transmit lights in the visible wavelength
region (400 - 700 nm). In this study, BK7 (borosilicate crown glass) is chosen for the
vacuum window because of its low unit cost as well as its sufficient transmittance for the

visible light.
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Figure 6.5. Wavelength dependence of light transmittance of several window
materials at normal incidence: (a) BK7 (d = 10 mm), (b) Suprasil (d = 10 mm),
(c) Sapphire (d = 1mm), (d) CaFy (d = 10 mm), and (e) NaCl (d = 10 mm).
This graph was originally compiled by H.-J. Kunze, and the graph data were
digitized from his book [1].

6.2.2 Mirror

An optical path consisting of mirrors and lenses, or alternatively an optical fiber, guides

light to the entrance slit of a monochromator. As well as the vacuum window material, an

61



CHAPTER 6. SPECTROSCOPIC INSTRUMENTS

appropriate mirror material has to be chosen with attention considering the wavelength
dependence of the reflectance. Figure 6.6 shows the reflectance of metal-coated mirrors [1].
The aluminum-coated mirror is featured with sufficient reflectance for the visible light (400

- 700 nm) and low unit cost. Therefore, aluminum-coated mirrors are used in this study.
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Figure 6.6. Wavelength dependence of light reflectance of metal-coated mirrors
at normal incidence: (a) aluminum, (b) silver, (¢) gold, (d) platinum, and (e)
osmium. This graph was compiled by H.-J. Kunze, and the graph data were
digitized from his book [1].

6.3 Optical System Setup and Specifications in This

Study

Figure 6.7 shows the optical system constructed for the plasma spectroscopic measurements
together with the schematic drawing of the magnetized plasma bombardment device. Both
(a) top view and (b) side view of the system are included. Features of the plasma
bombardment device are described later in Chapter 7. Three plane mirrors of 40 mm
in diameter (aluminum coated, S-TFA-40C06-10 of Sigma Koki) and two plano-convex
lenses of 25.4 and 25 mm in diameter (BK7 with anti-reflection coating, Lens1: SLB-25.4-
500PM and Lens2: SLB-25-200PM of Sigma Koki) are utilized for the optical system
in order to guide the plasma emission light to the entrance slit of the monochromator
(MC-100N of Ritsu Oyo Kogaku). An actively-cooled CCD detector, S7034-1007S of

Hamamatsu Photonics, is mounted at the image plane of MC-100N to record the spectral
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Figure 6.7. Optical system setup for the plasma spectroscopy together with the
plasma-bombardment device designed for this study: (a) top view and (b) side
view.

profiles. The optical system including the monochromator is constructed on a vibration
controlling optical table. Two lenses, Lens] and Lens2, are utilized to focus the light. The
effective diameter of the lenses is ® =22 mm, determined by the outer diameter of the
lens holder. The focal lengths of Lensl and Lens2 are f =500 and 200 mm, respectively.
One has to pay attention to the F value which is defined as f/®. To prevent stray
light into the monochromator, the F value of Lens2 has to be larger than that of the
monochromator. The F value of the monochromator is 8.5, while that of Lens2 is calculated
to be F'=200/22 = 9.1. In the optical path between Lensl and Lens2, the guided light is
converted into parallel light. The plane sides of the plano-convex lenses have to always face
on the light source and the entrance slit of the monochromator, i.e., the sides of focuses;
otherwise the spherical aberration is increased dramatically. Finally, a diffraction grating
(53-025BK01-300H of Richardson Gratings) mounted in the monochromator separates
the plasma emission light into each spectra. The grating consists of 1800 grooves/mm,

and its blazing wavelength is set at 250 nm. While the efficiency of the grating drops
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in the wavelength region around 656 nm due to its short blazing wavelength as shown
in Fig. 6.8(d), the Hoe emission spectrum is still detectable and accurate measurements
are performed with long signal integration time in this study. The focal length of the

monochromator is 1 m.

As mentioned above, each optical elements have the efficiency curves, e.g., the trans-
mittance of lens and the reflectance of mirror. Figure 6.8 summarizes the efficiency
curves of each elements including those of the grating and CCD used in this study. The
plano-convex lenses are made of BK7, which is also used for the vacuum window. The
lenses have higher transmittance because of the anti-reflection coating. The transmittance
of BK7 and the reflectance of aluminum coating are almost independent to the visible
light wavelength region of 400 - 700 nm, while the efficiency curves of the grating and
CCD have large wavelength dependence. The efficiency of the grating monotonically
decreases by approximately 20% in the wavelength region from 400 nm to 700 nm. The
quantum efficiency of the CCD has arch-shaped profile with respect to the wavelength
and takes the maximum around 650 nm. Later in Chapter 7, the degree of dissociation
is characterized from the measured spectral intensity ratio of the hydrogen molecular
Fulcher-o band spectra and atomic Hy line spectrum. The intensities of each measured
spectra are calibrated by the efficiency values at the certain wavelengths of the spectra to

obtain accurate results.

A monochromator observes an emission spectrum as a form of the convolution with its
intrinsic instrumental resolution function. The wavelength resolution of a monochromator
is normally defined by the full width at half maximum (FWHM) of the instrumental
resolution function. To characterize the wavelength resolution, Hx emission spectra from
a standard hydrogen discharge tube, Spectrum Tube of Electro-Technic Products, were
measured. Since the Hx line consists of multiple lines due to the fine structure of the
energy levels, the characterization of the wavelength resolution involves some simple
technique. In this study, the instrumental function was assumed to be a Voigt function,
which is given as convolution of Gaussian and Lorentzian profiles. The instrumental

function was determined by minimizing the difference between the measured Hx spectrum
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Figure 6.8. Transmittance, reflectance and efficiency curves of all optic elements
comprising the optical system: (a) BK7 vacuum window, (b) BK7 lens with
anti-reflection coating, (c¢) aluminum coating mirror, (d) grating, and (e) CCD.

65



CHAPTER 6. SPECTROSCOPIC INSTRUMENTS

160 T T T

120

80

40

Resolution (FWHM, pm)
T
@
I

0 I I |
0 50 100 150 200

Slit width (um)

Figure 6.9. Wavelength resolution curve of the optical spectrometer, MC-100N of
Ritsu Oyo Kogaku, coupled to an actively-cooled CCD detector, S7034-1007S of
Hamamatsu Photonics.

and a calculated spectrum obtained from the convolution of the fine-structured lines
given in Fig. 5.3 with an assumed arbitrary pseudo-Voigt function defined by a linear
combination of Gaussian and Lorentzian profiles [5]. The line broadening due to the
thermal motion of the hydrogen atoms was considered negligible because the optical axis
of the monochromator was arranged perpendicular to the electric field in the hydrogen
discharge tube. Figure 6.9 shows the entrance-slit width dependence of the wavelength
resolution of the monochromator at 656.279 nm (Het). The minimum wavelength resolution
achieved was 23 pm with the slit width of 18 um. This minimum resolution of 23 pm was
selected for the Doppler spectroscopic measurement of the reflected hydrogen atoms in

this study.
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Chapter 7

Plasma-Bombardment Device for

Spectroscopic Measurement of
Particle Reflection at a Metal

Surface

7.1 Introductory Remarks

In previous Chapter 5 and 6, the principles of the light emissions in a plasma and the optical
spectroscopic instruments were provided. This chapter describes the general structure
of the plasma bombardment device designed for the Doppler-spectroscopic measurement
of the reflected hydrogen atoms in low incident particle energy range less than a few
100 eV. While the final device concept converged in use of a linear magnetized plasma,
several other concepts had been examined during the phase for designing the plasma
bombardment device. The attempt to spectroscopically detect the reflected atoms started
with the concept of low energy ion beam bombardment using a hollow anode ion source
as shown in Fig. 7.1. A stable hydrogen plasma can be formed by hot-cathode discharge
in the multicusp magnetic chamber, and electrons in the plasma are attracted to the

inside of the hollow anode, resulting in the ionization of Hy gas in the hollow anode. The
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Figure 7.1. Design of the low-energy ion bombardment device.

hydrogen ions ionized in the hollow anode can be extracted with energy given by the
applied positive potential of the anode and injected onto the W target. The space charge
effects on the extracted ions could be expected to be small in the distance of ~100 mm to
the target surface. A monochromator observes Hx spectra in the vicinity of the target
surface. However, the spectral component of reflected atoms in Hx emission spectrum
could not be observed in this experiment. It was soon deduced that the ion flux extracted
to the target surface was extremely low. Very few reflected atoms exist in the vicinity
of the target surface compared to atoms in the plasma container; the background signal
erased the contribution from the reflected atoms. To enhance the number of ions incident
onto the target surface, the author devised a method based on the direct immersion of a
target into a plasma. A negative bias potential on the target accelerates the ions across
the sheath. This direct plasma bombardment finally resulted in the successful detection of
the contribution from the reflected atoms. Following sections in this chapter present the
general structure of the plasma bombardment device and characterizations of the plasma

parameters.
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7.2 Detailed Design of the Device

Figure 7.2 shows the magnetized-plasma bombardment device together with the electric-
connection diagram. A spatially-constricted linear magnetized plasma can be formed
in a vacuum chamber as shown in Fig. 7.2(b). The base pressure of 1.0 x 107* Pa is
achieved in the plasma-bombardment chamber by use of a vacuum system consisting of a
turbomolecular pump and an oil-sealed rotary pump. DC hot-cathode discharge using

a W filament of ¢0.4 mm in diameter produces a stable plasma. Two DC power supply
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(borosilicate glass)

(b)

50 mm
—

To vacuum
Movable gauge

Cooling water inlet BY7zmmmmm._] E

2 (7777777

Front flange
(Electrically floating)
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Manipulator

Cooling water outlet

To vacuum pump

Figure 7.2. Design of the magnetized-plasma bombardment device in (a) 3D and
(b) 2D sectioned views together with the electric-connection diagram.
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are used to generate the hydrogen gas discharge and to extract the produced electrons to
the plasma-bombardment chamber. Three electromagnet coils arranged in parallel form
linear magnetic field lines which extend energetic electrons from the plasma cathode. The
magnetic field intensity produced is represented by the relation B = 5.6 x I (mA), where [
is current (A) in the series circuit of the electromagnet coils. A water-cooled target holder
fixes a sample in the cylindrical-shaped magnetized plasma of ¢15 mm in diameter. The
target holder is equipped with a linear vacuum manipulator so that the target position
in the plasma can be adjusted along the magnetic field lines. A viewing port of BK7

(borosilicate) is equipped on an ICF70 flange for the optical spectroscopic measurement.

7.3 Evaluation Methods for Plasma Parameters

7.3.1 Langmuir Probe

Langmuir probe is one of the fundamental and simplest methods to measure plasma
parameters. Langmuir and Mott-Smith first proposed the plasma-diagnostic method based
on an electrostatic probe in 1926 [1]. The Langmuir probe is a very small size electrode
immersed and biased in a plasma to extract electron and ion currents. The electron and
ion current dependence on the probe bias potential is so-called the I-V characteristic
curve, which is determined by velocity and density of both electrons and ions attracted
to the probe surface across the sheath. One can obtain plasma parameters, e.g., electron
temperature and density, from the analysis of the I-V characteristic curve. It is assumed
that the bias potential on the probe does not affect the plasma density largely, and effects
of the probe are limited within the probe vicinity, i.e., sheath, because the probe current
is always negligibly small in use of an ideal electrostatic probe.

The Langmuir probe used in this study has four-layer structure as shown in Fig. 7.3.
The probe head is made of tungsten (W) wire of ¢0.6 mm in diameter. An alumina (AlyO3)
ceramic tube covers unexposed part of the W tube to define the surface area (.S,) of the
probe head. The defined 2.4 mm end-top part of the W wire is exposed to the plasma. It

is important to define S, because it is one of coefficients in the electron density calculation
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Figure 7.3. Structure of the Langmuir probe used in this study.

in Eq. 7.5 as described below. A grounded copper (Cu) tube shields the ceramic-covered
W wire from electric noise due to the plasma. Another Al,O3 ceramic tube with larger
diameter is used to protect the probe from the plasma particle radiation.

The probe current, I, is recorded when the probe voltage is swept linearly from -30
V to 30 V. A typical I-V characteristic curve measured in hydrogen plasma is shown in
Fig. 7.4. The notations I; and I, represent the ion and electron currents, respectively. The
floating potential, V%, is literally defined as the voltage at I, = 0. In V < V%, the probe
collects ions, I;, from the plasma. The probe current, [,, increases due to electrons in
V > Vy and saturates at the space potential of the plasma, V;. Here, I, is so-called the
electron saturation current. Theoretically, the electron current, I., at electron-repelling

potential (V; <V, < V;) can be written in the form [2]:

L(V,) = enedy /:O (1 - e—Vp> 2E b (B)dE, (7.1)

4 v E Me

where e, n., m, are electron charge, density, and mass, respectively, and F'(F) is the

electron energy probability function (EEPF). Normally, the EEDP is Maxwellian [2, 1]:

_ 2nVE p( E) (72)

F(E) =~ T ex _kTe

which allows for the determination of the electron density. Omne can substitute the
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Figure 7.4. An example of probe I-V curve measured in a magnetized hydrogen
plasma.

Maxwellian distribution function in Eq. 7.1 to obtain [2]:

kT, e(Vs =V,
]e(‘/;?) = €neSp W exXp <—%) . (73)

Since I, = 1.5 at V,, = Vj, the electron saturation current can be expressed in the form [2]:
P P

kT,
I.o = n.eS, SH— (7.4)
Finally, we get the electron density [3]:
n(em=?) = 3.73 x 1010—L0mA) (7.5)
‘ ' S, (mm2)\/T,(eV)

Here, T is the electron temperature, which can be obtained from the analysis of In(Z.) —V,,
plot. At the electron-repelling potential (Vy <V, <Vj), we have obtained an equation for

I. in Eq. 7.1. The derivative of In(/.) with respect to V}, is written in the form:

dIn(1,) e
= : 7.6
av, K, (7.6)

The reciprocal of the slope of In(/.) — V), plot at the electron-repelling region gives the

electron temperature, k7, /e (eV) [2, 3].
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7.3.2 Spectroscopic Measurement of Degree of Dissociation

Plasma spectroscopy is the easiest method to measure the degree of dissociation of Hs
molecules in a plasma. Both atoms and molecules can be excited in plasma, resulting
in radiations of line emission spectra as described in Chapter 5. The intensity ratio of
atomic and molecular emission spectra well reflects the degree of dissociation [4, 5. While
atoms and molecules in a plasma radiate several spectral lines depending on the energy
level transitions, Fantz et al. showed that the hydrogen atomic Hy line and Q-branch of
Hjy molecular Fulcher-o band are the most proper selection for the determination of the
degree of dissociation because the ratio of the effective emission rate coefficients of Hy
and the Fulcher-o band is independent of T, and its dependence on n, is also negligibly
small [5]. Figure 7.5 shows the Fulcher-a band spectra observed from the magnetized
hydrogen plasma. The intensity of Q-branch of the Fulcher-« band, Iryy, is given as the

summation of integrated intensities of each spectra in Fulcher-& band for v =0 — 3:

d, J
=33 JE (17)
v=0 J=1
2000 . : . : 2000 . .

= i = (1-DQ1
§ 1500 (- (0-0)Q1 (0-0)Q3 - § 1500 (- -
e | g (1-DQ3
s L 4 = L |
z 1 (0-0)Q2 0005 = "T| (1-nQ2 (1-1)Q5
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Figure 7.5. Fulcher-« band spectra measured in a magnetized hydrogen plasma.
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do,J : : : L
where I is an observed spectrum emitted in a molecular electric transition from

(11, v, J) to (a® H;, v, J). The ratio of the integrated intensity, I, of Hy and Iryy, is

expressed in the relation [4]:

)

v Xsff nH

Irvn X1 nm,

(7.8)

with X¢/// X¢hJ | which is the ratio of the effective emission rate coefficients of Hy and
Q-branch of the Fulcher-a band. The value of ijff/X;foL is known to be ~1.3 [4, 5].
So we can obtain the ratio of atom and molecule density, ng/ng,, and the degree of

dissociation is given by [4]:

(Degree of dissociation) = 1350715[;/:/1;2]{2 (7.9)

7.4 Measured Plasma Parameters

In this study, the discharge voltage and power are fixed at I, = 2.0 A with V5, =70 V (140
W) and V; = 70 V, while the magnetic field intensity is set at B = 28 mT. It is reasonable
to set the discharge voltage at ~70 V because the electron impact ionization cross section
of hydrogen atoms takes the maximum at the electron energy of ~70 eV [6]. In order to
find the most efficient gas pressure of Hy with the discharge setting described above, the

degree of dissociation was spectroscopically measured as a function of the gas pressure.

Figure 7.6 shows the degree of dissociation spectroscopically measured together with
the intensity ratio of atomic H@ and Hy line emission spectra. It is known that the
intensity ratio of atomic HR /Hy well reflects the electron density [5]. Whereas Langmuir
probe measurement yields electron density in the absolute unit (cm™3), the gas pressure
dependence of the electron density was characterized in relative unit from the intensity ratio
of HB /Hy. Energetic electrons from the plasma cathode heat the probe up to intolerable
temperature causing W probe head melting or alumina ceramic tube sublimation in case
of low gas pressure discharge, where the energetic electrons can reach the probe surface by
exceeding the sheath formed in the vicinity of the probe surface without colliding with

neutral gas molecules. In the magnetized plasma bombardment device shown in Fig. 7.2,
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Figure 7.6. Hy gas pressure dependence of (a) spectroscopically measured degree
of dissociation and (b) hydrogen atomic line intensity ratio of HB/Hy. It is
known that the intensity ratio of H3 /Hy well reflects the electron density [5].

the Langmuir probe could be utilized for the plasma parameter measurement in high gas
pressure discharge at greater than 1.0 Pa.

The measured results indicate that the degree of dissociation takes the maximum at
~1.2 Pa, while the electron density takes the maximum at slightly higher gas pressure
of ~1.6 Pa. The electron-impact ionization of hydrogen atoms and molecules produces
free electrons in the plasma. If the gas pressure is lower than the sufficient pressure where
the ionization takes place most efficiently, highly energetic electrons extracted from the
plasma cathode survive without colliding with the molecules. On the other hand, if the gas
pressure is too high, collisions with gas molecules reduce the energy of extracted electrons
soon at the immediate downstream of the plasma cathode. Both cases above result in
less ionization and low degree of dissociation. The degree of dissociation needs to be as
high as possible since the aim of this study is to investigate the reflection of single atomic
hydrogen particles at a metal surface. Therefore, the gas pressure of 1.2 Pa is selected for
the hydrogen reflection measurements discussed in later chapters. The discharge at 1.2
Pa produces a hydrogen plasma with the electron density of n, = 4 x 10! cm™3 at the
electron temperature of T, = 3.0 eV, obtained from the Langmuir probe measurement at

the central axis of the plasma column.
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Chapter 8

Doppler-Spectroscopic Detection of
Hydrogen Atoms Reflected from a
Metal Surface under Plasma

Bombardment

8.1 Introductory Remarks

The previous chapter presented general features of the plasma-bombardment device
designed for the optical spectroscopic detection of the reflected atoms at a sample surface.
Ho emission spectra originating from the reflected atoms are measured by using an optical
spectrometer. Experimentally, however, a challenging matter is to detect the contribution
from the particles reflected from a sample surface under the plasma bombardment. Bright
optical emission from the background plasma can erase the faint signal from the reflected
atoms. This chapter presents the signal-to-noise ratio enhancement for the detection of the
contribution from the reflected hydrogen atoms in a Hot emission spectrum. The measured
profiles are compared with reconstructed spectra by Monte Carlo simulations using the

ACAT code [2]. This chapter has also been submitted for publication as Ref. [1].
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8.2 Experiment

The plasma-bombardment device used for this experiment is shown in Fig. 8.1 with the
line of sight of the monochromator and a coordinate system defined on the W target. A
15 mm diameter hydrogen plasma sustained by a linear magnetic field struck a W target.
Three electromagnet coils formed the magnetic field of 28 mT in the center region of the
vacuum vessel where the linear plasma was produced. The discharge parameters were
kept constant at [y = 2.0 A with V5 = 70 V (140 W) with the gas pressure of 1.2 Pa
(Hs) throughout the measurements. The discharge voltage V; was also fixed at 70 V. A
hydrogen plasma was produced with the electron density of 4 x 10*! cm ™2 and the electron
temperature of 3.0 eV measured by a Langmuir probe. The plasma potential ranged from

0 to 0.5 V depending on the bias potential of the target.

Two types of target holders were prepared for the plasma bombardment onto a W
target as shown in Fig. 8.1(b-c). By using Target Holder 1 (Fig. 8.1(b)), a 0.05-mm thick
W target can be immersed into the plasma with the angle of the surface normal to the
target at 0° to the magnetic field lines. Here, it is noted that Target Holder 1 can fix a
flexible film-form target only. By using Target Holder 2 (Fig. 8.1(c)), on the other hand,
a 0.2-mm thick W target can be exposed to the plasma with the angle of the surface
normal to the target at 45° to the magnetic field lines. Negative bias was applied to the
target in order to control the energy of hydrogen ions incident onto the surface from the
magnetized plasma; the incident hydrogen ions were accelerated across the sheath. The
target holder was water-cooled, but the surface temperature of the W target increased up
to approximately 1080 K due to the intense heat flux from the magnetized plasma.

A Czerny-Turner type visible range monochromator, MC-100N of Ritu Oyo Kougaku,
was used to observe the Hx spectra in the vicinity of the W surface. Arrangement of the
optical axis looking into the target surface causes a serious increase of the background
light due to the optical reflection at the target surface. Therefore, in this study, the line of
sight was aligned parallel to the target surface so as to measure the symmetrical Doppler
broadening of the spectra due to the velocity components of energetic reflected atoms along

the line of sight. The monochromator viewed an area of 2 mm height with 30 um width
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as shown in Fig. 8.1(b-c). An actively-cooled CCD sensor, S7034-1007S of Hamamatsu

Photonics, was used as a detector. The wavelength resolution was set to be 23 pm.

The spatial dependence of the intensities of the Doppler spectra could be measured
by adjusting the target and mirror positions. Mirrorl was movable along the direction
perpendicular to the magnetic field lines. The target holder was set on a linear manipulator

and thus the target was also movable along the magnetic field lines.

(a)

To vacuum

To monochromator Electromagnet
pump .
coil
(b) Target Holder 1 (c) Target Holder 2

‘ /Targ et ﬁTarg et

(0] J/“me>z -

== Field of view

Field of view ‘Z

Figure 8.1. (a) Schematic drawing of plasma-bombardment device together with
the line of sight of the monochromator. (b-c) Two different target holders with
the angle of the surface normal to the target at (b) 0° and (c) 45° from the
magnetic field lines. The monochromator viewed an area of 2 mm height with 30
wm width at an arbitrary point on the z axis. The edge point of the plasma, z;
in (c), can be geometrically calculated from the plasma diameter, 15 mm, to be
z1 = 10.6 mm
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8.3 Results: Hx Spectra in the Vicinity of W Surface

under Plasma Bombardment

Figure 8.2 shows Ha spectra measured at z = 3 mm vertically away from the W surface
under the hydrogen-plasma bombardment with the bias potentials of (a) floating potential
(=20 V), (b) V;, = —150 V, and (c¢) V;, = —300 V. The surface normal of the W target was
set parallel to the magnetic field lines by using Target Holder 1. Dashed lines represent
the full spectra and solid lines are the ordinate-scale enlarged spectra to see the weak

Doppler-broadened signals originating from the reflected atoms.

A weak Doppler-broadened component appeared at the bottom of the measured Hx
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Figure 8.2. Measured Ho emission spectra in the vicinity of the W surface at z = 3
mm for several bias potentials: (a) floating potential (—20 V), (b) V, = —150 V,
and (c) V, = =300 V. The W target was fixed in the plasma with the angle of the
surface normal parallel to the magnetic field lines using Target Holder 1. Dashed
lines represent the full spectra and solid lines correspond to the expanded views.
Background spectrum, I,,, measured at floating potential (—20 V) on the target
is also displayed by solid lines with cross markers. Sharp peaks (arrowed) are
emission lines of the excited-hydrogen molecules. The exposure time to record
one spectrum was 2.5 s.
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spectra when negative bias potentials were applied on the target (see solid lines in Fig. 8.2).
This symmetrical Doppler broadening is considered to originate from the reflected atoms.
Indeed, narrower broadening was observed for lower incident energy case of V;, = —150
V as seen in the comparison of Fig 8.2(b-c). However, the emissions from the plasma
reduced the signal-to-noise ratio and complicated the evaluation of the pure contribution
from the reflected atoms. A sharp prominent main peak at A\ = 0 nm belongs to the
hydrogen atoms excited in the plasma. It is known that electron impact dissociative
excitation of Hy molecules results in a symmetrical Doppler component due to fast atoms
created via the repulsive state of Hy molecules [3]. The measured spectra also contain this
effects as shown in Fig. 8.2(a); it is represented by the solid area with the peak intensity
less than 20% of the main peak. The intensity of the contribution from the reflected
atoms accounts only for less than 1% of that of the background emission. Additionally,
three other sharp peaks are superimposed on the contribution from the reflected atoms in
Fig. 8.2. These spectra originate from excited Hy molecules as shown in the data table
by G. H. Dieke [4]. The spectra summarized in Dieke’s data table were reconstructed by

convolution with the instrumental resolution function of the monochromator used in this
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Figure 8.3. Comparison of (a) measured Hy molecular emission lines near Ho
peak and (b) reconstructed Hy emission spectra from Dieke’s wavelength table.
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study. Figure 8.3 shows the comparison of the reconstructed spectra with the measured
spectra at the floating potential on the target. One can confirm that the wavelength
positions of the measured sharp peaks originating from Hs molecules well agree with those
obtained from the reconstruction of Dieke’s data. Actually, the Doppler-broadened spectra
in Fig. 8.2(b-c) contain two components resulted from the reflected atoms produced by
both HT and H,™ ion incidence. These components can be distinguished clearly by the

measurements with enhanced signal-to-noise ratio described later.

8.4 Discussion

8.4.1 Enhancement of the Signal-to-Noise Ratio

When the metal surface ejects an incident hydrogen particle, the backscattered hydrogen
atom can be neutralized and even excited due to single-electron transfer from the surface [5].
The probabilities of the excited states depend on the solid materials and the velocity of
the reflected atoms. Spectroscopic measurements performed by Tanabe et al. confirmed
the presence of the reflected hydrogen atoms in the n > 3 energy levels in relatively high
incident particle energy region [6]. H™ ion beam at energy range from 5 to 25 keV was
injected onto metal surfaces in vacuum, and the Doppler-broadened atomic radiations
from the backscattered particles were observed [6]. The excited state distributions of the
reflected hydrogen atoms at metal surfaces including W were calculated by numerical
simulations by Kato et al. [7]. Their calculation results indicated that almost none of the
reflected hydrogen atoms at W and Mo surfaces can be excited to the n = 3 level in the
energy region less than 300 eV by the single-electron transfer from the surface. On the
other hand, the Ho spectra observed in this study suggest that some part of the reflected
was actually excited to the n = 3 level, resulting in the Doppler-broadened tail of the Hx
spectra.

In this study, the spatial distribution of the contribution from the reflected hydrogen
atoms was investigated by changing the W target surface position along the magnetic field

lines in the plasma. The Target Holder 1 was used for this measurement. A spectrum
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measured at z = 20 mm away from the W surface is shown in Fig. 8.4 together with
a spectrum at z = 3 mm and [;. The Doppler-broadened component at the bottom
of the spectrum survived even at z = 20 mm with intensity approximately more than
half of that at z = 3 mm. Here, one has to note that the hydrogen atoms in the n = 3
level with kinetic energy of 300 eV traverse relatively short distance of the order of ~5
mm with the radiative lifetime of ~20 ns [8]. The spatially extended Doppler-broadened
component indicates that the reflected atoms are populated to the n = 3 level mostly by

local excitations other than the single-electron transfer at the surface.
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Figure 8.4. Measured Ho emission spectra in the vicinity of W surface at different
positions from the target surface together with the background spectrum, I,
measured with floating potential (—20 V) on the target. The Target Holder 1
was used. The target was negatively biased at V;, = —300 V. The exposure time
to record one spectrum was 2.5 s.

The local excitation of the reflected atoms allows for the signal-to-noise ratio enhance-
ment by the observation at the region outside of the plasma column which dramatically
reduces the background signals. A new target holder, Target Holder 2, in Fig. 8.1(c)
was introduced for the measurements outside of plasma. The surface normal of Target
Holder 2 is inclined at 45° with respect to the magnetic field lines (refer to Fig. 8.1(c)).
Figure 8.5 shows Hx spectra measured at (a-b) z = 2.8 and (c-d) z = 15.6 mm vertically
away from the target surface with different bias potentials of (a,c) V, = =150 V and (b,d)
V, = =300 V. The Doppler-broadened component originating from the reflected atoms
spatially extended to the outside of the plasma column. The local excitation most likely
due to collisions with Hy molecules maintained the emissions of the reflected atoms. Since

less excitations of hydrogen atoms and molecules take place at the plasma peripheral region,
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the signal-to-noise ratio of the contribution by the reflected atoms against the background
signals was largely enhanced. Now the Doppler-broadened component of the reflected

atoms accounts for ~10% of the intensity of the central background peak. The measured
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Figure 8.5. Measured Ho emission spectra in the vicinity of W surface at (a-b)
z =2.8 mm and (c-d) z = 15.6 mm. The W target was immersed in the plasma
with the angle of the surface normal at 45° from the magnetic force lines using
the Target Holder 2. Spectra measured at two different target bias potential are
compared: (a,c) measured with V;, = —150 V, and (b,d) V;, = —300 V. Dashed
lines represent the full spectra and solid lines correspond to the expanded views.
Background spectrum, I,,, measured at floating potential (—20 V) on the target
is also displayed by solid lines with cross markers. (e) The Doppler-broadened
Ho emission spectra at z = 15.6 mm with V, = —300 V for the discharge powers
of 70 and 140 W. The exposure time to record one spectrum was 2.5 s at (a-b)
z = 2.8 mm and 60 s at (c-e) z = 15.6 mm.
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spectra with high signal-to-noise ratio indicate that the Doppler-broadened components
have bell-shaped structure which can be separated into two groups. Reflected atoms pro-
duced by Hy™ ion incidence contribute to the inner part ((I)) of the bell-shaped component
at |JAN < 0.26 nm for V;, = —150 V and |AA| < 0.37 nm for V;, = —300 V. The incident Hy
ions are normally dissociated at the surface and they are reflected as single atoms with less
than a half energy of the incident Hj ions because the initial incident energy of Hy ions is
divided into each fragments. Indeed, the proportion of this component, i.e., correlated
to the reciprocal of the degree of dissociation, increased with decreasing discharge power
as shown in Fig. 8.4(e). The most outer part ((2)) of the Doppler-broadened profile at
0.26 < |AX| < 0.37 nm for V;, = —150 V and 0.37 < [AX| < 0.52 nm for V, = =300 V was

formed by the reflected energetic atoms produced by the H* ion incidence.

8.4.2 Comparison with ACAT Simulation Results

The ACAT code simulates the trajectories of projectiles with the Monte-Carlo method
under a binary collision approximation [2]. The excitation processes either in solid or at
surface are not taken into account. Figure 8.6(a-b) shows the calculated Hx spectra of
hydrogen atoms reflected from a W surface using the ACAT code. The incident energy was
set to be 300 eV. The spectra were calculated taking into account the energy and angle
distributions of the reflected particles in the unit of wavelength (nm) and convoluted with
the instrument function of the monochromator used in the measurements. Figure 8.6(c-d)
show the (c) energy and (d) angular distributions of the reflected atoms. The ACAT
calculation collected the particles (a) over the entire reflected particle energy and (b) above
the energy thresholds indicated in Fig. 8.6(b). Reflected atoms at higher kinetic energy
form a broader butterfly-wing shaped component, while low energy atoms contribute
to a sharp-central component. As shown in Fig. 8.6(d), the higher energy part of the
reflected atoms exhibits a characteristic broad butterfly-wing shaped angular distribution,
which contributes to the broad spectral component. It is evident that the tail part of the
measured spectra (0.35 < |[AA| < 0.5 nm) mainly originates from the reflected hydrogen

atoms with higher energy. The ACAT calculation confirmed that the reflected particles
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Figure 8.6. (a-b) Reconstructed Ho spectrum for the reflected hydrogen atoms
from a W surface based on the calculations using the ACAT code. The incident
energy was set to be 300 eV. The spectra were collected (a) over the entire reflected
particle energy, E, > 0 eV, and (b) above the energy thresholds of 100, 150 and
200 eV. Each intensity of the spectra is normalized to the peak intensity. (c) The
energy and (d) angular distributions of the reflected hydrogen atoms at W surface
calculated by the ACAT code. The calculated angular distributions were also
collected above several energy thresholds for the reflected atoms corresponding
to those for (b) the reconstructed spectra.

with higher reflection energy contribute to the tail broadening of the spectrum as shown

in Fig. 8.6(b).

8.4.3 Spatial Distribution of the Doppler-Spectral Intensities

The spatial dependence of the Doppler-spectral intensities (component (2) in Fig. 8.5)
along the z axis was investigated. The quantitative characterization of the Doppler spectral
intensities (component (2)) was not straightforward due to the large background of the
central peak intensity and the contribution to the broadened component due to the Hy™ ion
incidence. Here, a factor n (0 < n < 1) is introduced to characterize the relative change in

the intensity of the contribution of the reflected atoms. 7 is defined as n = I,/I,., which
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is the ratio of the spectral intensity, /., at an arbitrary z to that of the reference, I,.;.
I,.s signifies the reference Doppler spectrum measured at z = 2.8 mm where the Doppler
-spectral intensity of the reflected atoms takes the maximum. In this study, 7 is calculated
by minimizing [ |i,(AX) — iy (AN)|dAN for the outer part of the Doppler-broadened
component, i.e., 0.26 < [AA| < 0.37 nm for V, = —150 V and 0.37 < |A)X| < 0.52 nm for
V, = —300 V, where neither the central peak nor the component of Hy' ion incidence
is superimposed and pure contribution from reflected atoms due to H' ion incidence
appears. Figure 8.7(b) shows the z dependence of n of spectra for V, = —150 and —300
V together with the relative spectral intensity of the background central Hx peak. The
intensity of the Doppler-broadened components took the maximum at z = 2.8 mm and
decreased monotonically as leaving from the target surface, while the background central
peak dropped by 91% at the plasma edge at z = z; = 10.6 mm. No remarkable difference
was observed in the spatial distribution for two bias potentials. Figure 8.7(c) shows the
ratio of 7 for V, = —300 V against the relative peak intensity of the background (/,,). The
ratio 1/, increased considerably at z > z;. The contribution from the reflected atoms

was observed with the highest signal-to-noise ratio at z = 15.6 mm.

Hydrogen atoms in the n = 3 level with the kinetic energy of 150 and 300 eV traverse
relatively short distance of the order of ~3.4 and ~4.8 mm, respectively, with the radiative
lifetime of ~20 ns [8]. On the other hand, the Doppler component of the reflected atoms
spread spatially even beyond the plasma periphery. The Doppler component was still
observed at z = 18 mm with the intensity more than 20% of the maximum value measured
at z = 2.8 mm. The spatial distributions of 1 did not differ between two different incident
energies of 150 and 300 eV as shown in Fig. 8.7(b). It has been reported that almost none
of the reflected atoms were excited to n > 3 by single-electron transfer from the surface
for the hydrogen atoms reflected from a molybdenum surface with velocity of 0.1 a.u.
(approximately 250 eV), while approximately 14% of them was initially in the n = 2 level
and a major part of the rest was in the ground state [7]. Our measured results suggest
that the reflected atoms were excited to the n = 3 level when traversing plasma or plasma

peripheral region after the reflection from the surface. Most of the reflected atoms were
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considered to be in the ground state and a part of the reflected atoms of the order of

10% was in the n = 2 level just after the bombardment as described above [7]. The latter
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Figure 8.7. (a) A reference spectrum, 4,.;(A\), with a spectrum, 7,(A\), at given
z. The target was biased at V, = —300 V. The intensity of the spectra at z is
normalized to the reference spectra by a constant (0 <7 < 1) so as to minimize
[ 1i(AN) = Niges(AN)[dAX at |AN] > 0.35 nm. (b) z dependence of 7 for spectra
obtained at bias potential of V,, = —150 V (open squares) and —300 V (open circles)
on the target together with the relative peak intensity, Ip,, of the central background
spectra obtained at floating potential (—15 V) on the target (closed squares). The
relative intensity of the central background spectra are normalized at z = 4.2 mm.
The edge position of plasma column is estimated to be z; = 10.6 mm (see text). The
ACAT simulation results are also shown (open triangles). In the simulation, hydrogen
atoms at 300 eV were incident onto a W target, and the reflected particles intersecting
the assumed view field were recorded with the energy threshold of >150 eV. (c¢) The
ratio of 7 against the relative peak intensity of the background () at V, = —300 V.
(d) Comparison of spectra measured at z = 15.6 and 2.8 mm with intensity normalized

by 7.

89



CHAPTER 8. DOPPLER-SPECTROSCOPIC DETECTION OF HYDROGEN ATOMS
REFLECTED FROM A METAL SURFACE UNDER PLASMA BOMBARDMENT

atoms in the n = 2 level may be excited to the n = 3 level by collisions with Hs molecules
or electrons only around the target surface because of the short lifetime of the atoms in
the n = 2 level. The lifetime of the atoms in the n = 2 level is ~3 ns, [8] which is much

shorter than that in the n = 3 level.

Accordingly, the Hx Doppler-broadened component observed in this study is considered
to be resulted mostly from the local excitation of the reflected atoms in the ground state to
the n = 3 level in plasma or plasma peripheral region. There are two possible mechanisms
for the excitation of the reflected atoms to the n = 3 level: collisional excitations with
electrons or Hy molecules. Here, the collision with a Hy molecule is most likely responsible
for the excitation of the reflected atoms to the n = 3 level considering the shorter mean free
path of the collisional excitation with a Hy molecule than that with an electron. Indeed,
contribution of the reflected atoms spatially extended to the plasma peripheral region
where very few electrons exist. This result supports our conclusion that the collisions
with Hy molecules excited the reflected atoms to the n = 3 level. It is noted that the
spectral width and shape of the measured Doppler-broadened component did not exhibit
z-dependence at z < 20 mm as shown in Fig. 8.7(d). Thus, effects of the momentum
transfer from the reflected atoms to Hy molecules can be considered negligible in these
measurements. Actually, the reflected atoms lose a small part of their kinetic energy for
their excitation; but this energy loss is also negligible in the examined energy range of

several 100 eV, and calculated to be only 12 eV from Eq. 5.2 and 5.3.

The list below shows the estimated mean free path for the collisional excitation with
either an electron or a molecule.
eH' +e—> H(n=3) +e
Condition:
T.=3¢eV,n.=4x10" cm™
Rate coefficient for the excitation n =1 — n = 3:
(ove) = 8.0 x 107 cm3 /s [9]
Mean free path for the excitation of a H atom at 300 eV:

Ap = v/ (ne(ove)) = 7.5 x 10° ¢cm
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e H” + Hy, —» H*(n =3) + H,
Condition:
Tyas = 300 K, nges = 2.9 x 10" cm™ (1.2 Pa)
a)n=1—n=3p+3d
Cross section for the excitation of a H atom at 300 eV:
o ="7.0x 1071 cm? [10]
Mean free path:
Amfp = 1/(nges0) = 493 cm
b)n=1—n=3s
Cross section for the excitation of a H atom at 300 eV:
o=235x 107" cm? [10]
Mean free path:
Amfp = 1/(nges0) = 986 cm

The calculated minimum mean free path for the collisional excitation with a Hy molecule
is of the order of 500 cm, while the spatial distribution of the Doppler-spectral intensities,
1, indicated a monotonic decrease even in the short distance of ~2 cm. The reflected atoms
diverge with broad reflection angles as shown in Fig. 8.6(d). This caused the significant
decrease of the reflected particle flux as leaving from the surface, resulting in the monotonic

decrease in the Doppler-spectral intensities, 1, with increasing z.

The spatial distribution of the Doppler-spectral intensity of the reflected atoms calcu-
lated by the ACAT simulation agreed well with the measured result as shown in Fig. 8.7(b).
In the calculations, hydrogen atoms at 300 eV were incident onto a W target, where the
actual geometries of the ion bombardment and view field of the optical measurements
in the experiments shown in Fig. 8.1(c) were taken into account. The simulated spatial
distribution shown in Fig. 8.7(b) is plotted as the number of reflected particles which
intersected the assumed view field at an arbitrary z, and normalized by the maximum
value obtained at z = 2 mm. Namely, the number of the reflected particles was simply
counted in accordance with the geometrical relations between the assumed view fields

and the trajectories of the reflected particles after the ejection from the surface. The
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collision process with Hy molecules after the reflection was not taken into account. For
the measured spectra, 7 was determined at the wavelength corresponding to the energy of
the reflected atoms at >150 eV as shown in Fig. 8.7(a). Therefore, energy threshold was
set at >150 eV for the reflected atoms in the simulation for comparison. The simulation
reproduced the experimental results well; the intensity of the reflected particles decreased

monotonically with z due to the diverging nature of the reflected atoms.

8.5 Summary

This chapter provided the details on the successful development of an optical spectroscopic
measurement technique to investigate the reflection properties of low energy hydrogen
particles at a metal surface in a plasma by reducing the large background from the plasma.
The velocity component of the reflected atoms along the line of sight contributes to the
Doppler broadening of Hx emission spectrum. It has been clarified that the reflected
hydrogen atoms contributed to the outermost Doppler-broadened component of the Ho
spectra. The Doppler component originating from the reflected atoms spread spatially
beyond the region outside of the plasma column as leaving from the W surface. The
observation of the spectra at the region outside of the plasma column improved the
signal-to-noise ratio of the Doppler component against background from hydrogen atoms in
the plasma and also reduced the contribution from the molecular hydrogen to the Doppler
component. The collisional excitations with Hy molecules are proposed to populate the
reflected atoms to the n = 3 level, contributing to the emissions of the Doppler-broadened
Hax spectral component. The developed spectroscopy method to detect the hydrogen
atoms reflected from a metal surface presents a good possibility to clarify the recycling of

low-energy hydrogen atoms in fusion plasmas.
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Chapter 9

Hydrogen Reflection at
Helium-Induced W-Fuzz Surface

Measured by Doppler Spectroscopy

9.1 Intoductory Remarks

A measurement technique based upon the Doppler spectroscopy of Hx emission spectrum
was developed for low energy hydrogen reflection in a plasma. Chapter 8 discussed the
methodology on the signal-to-noise enhancement for the weak signal from the reflected
atoms by reducing the large background from the plasma. This chapter presents the
experimental investigation of the effects of the W-fuzz surface morphology upon the
hydrogen particle reflection based on the developed measurement technique. This chapter

has also been submitted for publication as Ref. [1].

9.2 Experiment

9.2.1 W-Fuzz Samples

This experiment employed the same W-fuzz samples of which the hydrogen ion reflection

property was investigated in Chapter 4. The samples were prepared and provided by Dr.
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H T Lee of Osaka University. A 0.3-mm thick polycrystalline W sample (99.95% pure,
Nilaco) was exposed to a He plasma for 3000 s. The surface temperature of the W target
was maintained at ~1200 K during the He-plasma bombardment in order to prepare a
W-fuzz layer on the surface. The W target was negatively biased at -150 V in the He
plasma. The He fluence onto the W target was of the order of 6-9x10%* He-particles m~2.
Three samples were prepared in the same manner. Photographs and FE-SEM images of
the W-fuzz sample are shown in Fig. 9.1. A W-fuzz nanostructure was formed typically in

% on the W surface as shown in Fig. 9.1(a). The W-fuzz surface

an area of 20 x 12 mm
appears black due to its low visible light reflectance. The FE-SEM image in Fig. 9.1(b)

was observed at 45° from the surface with different magnifications.

Figure 9.1. (a) A photograph and (b) FE-SEM image of the W-fuzz sample. An
ellipse indicated with a dotted line shows the region bombarded by the hydrogen
plasma. The FE-SEM image was observed at 45° tilt angle from the surface.

9.2.2 Hydrogen-Plasma Bombardment and Spectroscopic De-

tection of Reflected Hydrogen Atoms

A prepared W-fuzz samples was attached to a holder in a vacuum chamber and exposed to
a magnetized hydrogen plasma. The electromagnet coils form a magnetic field of 28 mT at
the center of the vacuum vessel where a linear magnetized plasma of ¢15 mm in diameter
was produced by a hot-cathode discharge. The discharge was kept under the discharge
current of Iy = 2.0 A, the applied potentials of V5 =70 V (140 W) and V; = 70 V, and

the gas pressure of 1.2 Pa (Hy) throughout the measurements. The electron density and
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temperature were estimated to be n, = 4 x 10! em™2 and 3.0 eV, respectively, from the
Langmuir probe measurement. The plasma potential tanged from 0 to 0.5 V, depending

on the target bias potential.

The W-fuzz sample was fixed on a water-cooled target holder for plasma bombardment.
The angle of the surface normal to the target was set at 45° from the magnetic force
lines by using Target Holder 2 (refer to Chapter 8 for target holders). Figure 9.2 shows a
photograph of the W-fuzz sample under the hydrogen-plasma bombardment together with
a schematic drawing of the line of sight set on the z axis. The center of the W-fuzz sample
was aligned to the central axis of the ¢15-mm plasma column for the bombardment. The
region of the W-fuzz target bombarded by the hydrogen plasma is illustrated as dotted
ellipse in Fig. 9.1(a). A negative bias was applied onto the target to control the incident
energy of atomic and molecular hydrogen ions from the plasma onto the sample. Plasma

raised the sample temperature up to ~920 K.

The Ha emission spectrum was measured using a monochromator with the resolution
of 23 pm. The line of sight observed the axis parallel to the target surface which was
drawn through z = 17 mm, outside of the plasma column, for the enhanced signal-to-noise
ratio measurement. Here, the z-axis was defined to be perpendicular to the surface at the
center of the W-fuzz target (see Fig. 9.2(b)). This line of sight observed symmetrically
Doppler-broadened spectra due to the energetic atoms reflected from the W-fuzz surface.

Usually, the weak Doppler-broadened signal of the reflected atoms cannot be measured

(b) éTarget Plasma

0/ o p 1%

)450 "
é Liz\mm
Fleld of view

Figure 9.2. (a) A photograph of the W-fuzz sample under the hydrogen-plasma
bombardment together with (b) a schematic drawing of the line of sight set on
the z axis. The line of sight was set parallel to the target surface and fixed at
z = 17 mm throughout measurements. The monochromator viewed an area of 2
mm height x 30 um width.
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with enough signal-to-noise ratio in a plasma environment, because the high intensity
of the central peak saturates the detector. However, the intense central peak could be
reduced remarkably by setting the observation line of sight in a region outside the plasma
where z > z; in Fig. 9.1(b). This observation line of sight allows us to detect the spectral
component mainly composed of the reflected atoms with enough signal-to-noise ratio by

reducing the large background emission of the central plasma as discussed in Chapter 8.

This study originally aimed at quantification of the particle reflection coefficient of
the W-fuzz surface at energy range less than 300 eV. However, the W-fuzz layer was
expected to be gradually destructed during the hydrogen-plasma bombardment [2, 3, 4].
Therefore, in this study, the time evolution of the Doppler spectra from the reflected atoms
was investigated. The Doppler spectroscopy is advantageous for investigating the time
dependent changes in reflection yields because it can be expected that the intensity of
the Doppler-broadened spectra strongly depends on the surface conditions. Indeed, the
W-fuzz surface remarkably reduced the hydrogen ion reflection coefficient as discussed in
Chapter 4. An actively-cooled CCD detector continuously recorded 99 spectra during 2450
s. The exposure time of each spectrum was 25 s. The time sequence of the measurement is
illustrated in Fig. 9.3. The discharge was stabilized for 90 s before starting the continuous

spectroscopy measurement.

Plasma Measurement Measurement  Plasma
ignition start end extinction
Discharge u Post
adjustment t=,0 t_2,5 S t=245,0 S measurement
"""""" T 1 | .- T SEEEEEEREERE N o t
- -
90 s 25s 60 s

Figure 9.3. The time sequence of the Doppler-spectroscopic measurement for the
hydrogen reflection at W-fuzz surface under the plasma bombardment.
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9.3 Results and Discussion

9.3.1 Measured Hx Spectra

Figure 9.4 shows spectra measured at z = 17 mm vertically away from the W-fuzz sample
surface biased at (a) V;, = —200 and (b) —300 V. The spectra at t = 0 and 2450 s are shown
as dotted and solid lines, respectively. The intensities are normalized to that of the central
peak, where thicker lines represent the expanded views to see the Doppler-broadened
components originating from the reflected atoms. Bell-shaped components were observed
at the bottom of the background central peak in the wavelength regions of |AA| < 0.43
nm at V, = —200 V and |A)| < 0.52 nm at V, = —300 V. As discussed in Chapter 8,
the inner part of the bell-shaped component, i.e., at |[AX < 0.30 nm for V;, = —200 V
and at |[A)N < 0.37 nm for V;, = —300 V, is considered to originate from the reflected
atoms produced by H,™ ion incidence. The Hy™* ions were separated once they enter the
surface and reflected as single atoms with less than one half energy of the incident Hy™
ions because the energy was divided into each of the fragments [5]. It has been clarified
that the most outer part of the Doppler-broadened profile, i.e., at 0.30 < |AN| < 0.43
nm for V, = —200 V and at 0.37 < |A)| < 0.52 nm for V, = —300 V, is formed by the
reflected energetic atoms of the H* ion incidence. The intensity of the Doppler component

from the reflected atoms increased with time during the plasma bombardment at both

g 10 | S = 1.0 , ,
= g c
> |(@-200V 5 |(b)-300 V
£ 08} S 08
E/ H \(3
-‘g 0.6+ g 06k
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£ 04F £ 04}
2 3
N
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2 0.0 bt e S .0l
06 -0.6

Figure 9.4. Doppler-broadened spectra of Hx emission measured at z = 17 mm
from the W-fuzz surface biased at (a) V, = —200 and (b) —300 V. The thicker
lines represent the expanded views to see the bottom of the spectra where the
contribution from the reflected atoms appeared. Spectra measured at t = 0 and
t = 2450 s are shown. The signal integration time was 25 s.
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Vi, = —200 and —300 V, while no remarkable change in the spectral shape and width was

observed.

9.3.2 Time Evolution of Spectral Intensity and W-fuzz Layer

Destruction

The time evolution of intensity of the outer part of the Doppler-broadened component,
e.g., at 0.30 < |AN| < 0.43 nm for V, = —200 V and at 0.37 < |AX| < 0.52 nm for
Vi, = =300 V, is shown in Fig.9.5 for the W-fuzz sample biased at V, = —200, —250
and —300 V. The characterization of the intensities of the Doppler component purely

contributed from the reflected atoms of H ion incidence is not straightforward due to
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Figure 9.5. (a) A reference spectrum 4,.r(A\) measured at ¢ = 2450 s with a
spectrum 7;(A\) measured at an arbitrary t (s). The W-fuzz target was biased at
V, = —300 V in the plasma. A factor n (0 < n < 1) is introduced to characterize
the contribution from the reflected atoms. The factor n is defined so as to
minimize [ [i(AN) — Niyer(AN)|dAN at |[AX] > 0.37 nm for V — b= —300 V. (b)
The time evolution of the factor n for spectra measured at V, = —200, —250 and
—300 V. (c) Comparison of spectral profiles: i,.r(AM), the spectrum measured at
t = 2450 s, for V, = —200 V and a spectrum measured for a flat reference W at
V, = —200 V.
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the remaining larger intensity of the central peak and inner Doppler component produced
by Hy™ ion incidence. Here, a factor n (0 < n < 1) is introduced to characterize the
relative change in the contribution from reflected atoms for the outer part of the Doppler
component. 7 is defined as n = I, /Iy, which is the ratio of the spectral intensity, [;, at
an arbitrary ¢ to that of the reference, I,.;. The coefficient n was calculated by minimizing
[ 1ie(AX) =1ire s (AN)|dAN for the outer part of the Doppler component, e.g., at |AX| > 0.37
nm for V, = —300 V as shown in Fig. 9.5(a). Neither the central peak nor the component
of Hy* ion incidence is superimposed, and pure contribution from reflected atoms due
to HT incidence appears in the tail regions at |AX| > 0.37 nm for V' — b = —300 V. The
spectrum at ¢ = 2450 s was used as a reference (I,.r). Both I; and I,.; were normalized

to the central peak intensity to obtain 7.

The factor n increased and saturated exponentially with time during the hydrogen-
plasma bombardment, indicating the increase of the contribution from the reflected atoms.
The initial values of the factor n were approximately 0.5 for all bias potentials. The
time evolution of 7 can be fitted with an exponential function. The time constants were
estimated to be 305, 477, and 810 s for V,, = —300, —250, and —200 V, respectively, from
the exponential function fittings. The time constants of the growth rate are smaller as the
absolute value of target bias is higher; the contribution from the reflected atoms in the
Hax spectrum increased to the asymptotic line more quickly at higher incident particle
energy. It is known that the particle reflection coefficient of the incident ions in the fuzz
surface was smaller than that of the flat W surface as discussed in Chapter 4. Therefore,
the increase of the reflected hydrogen intensity indicates the removal of the fuzz surface
structure. The intensity of the reflected hydrogen atoms from the W-fuzz sample for the
incident particle energy less than 300 eV is about one half of the flat W surface following
plasma-induced destruction of the fuzz layer. Non-significant change in the spectral shapes
and widths suggests that the velocity distribution of the reflected atoms was not affected

largely by the surface morphology.

One has to note that the hydrogen ions were incident onto the surface with the energy

lower than the sputtering threshold for W. The threshold of the sputtering for W at
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normal incidence of hydrogen was estimated to be 443 eV [6], and the incident angle
dependence was small [7]. But the measured time evolution of intensity of the reflected
hydrogen atoms suggests that the destruction of the W-fuzz structure occurred, and the
resultant flat surface increased the particle reflection coefficient of the hydrogen atoms
during the hydrogen-plasma bombardment, where the incident H ion senergy was less
than 300 eV. Indeed, the destruction of the W-fuzz structure has been confirmed in the
FE-SEM images of the target surfaces after the hydrogen-plasma bombardment as shown
in Fig. 9.6. Microstructures remained on the surface even after the hydrogen-plasma
bombardment especially for lower incident energy cases at V, = —200 and —250 V. The
surface temperature under the magnetized plasma bombardment can be raised up to the
level where the annealing effect on the W-fuzz layer takes place [4]. Normally, the plasma
bombardment of a flat reference W using the magnetized plasma at the 140 W discharge

power raises the surface temperature to ~1030, ~960 and ~920 K for V,, = —300, —250

.iz: e Y \»HA
. Surfaces after hydrogen
plasma bombardment

Target bias

(c)-200 V

(d)-250V
N (e)-300V

X5,000

Figure 9.6. (a) A photograph of the W-fuzz sample after the hydrogen-plasma
bombardment. (b) A FE-SEM image of the W-fuzz sample before the hydrogen-
plasma bombardment observed at 45° tilt angle from the surface. (c-e) FE-SEM
images of the W-fuzz samples after the hydrogen-plasma bombardment at different
target bias potentials of (¢) V' = —200, (d) —250 and (e) —300 V. The total time
of the hydrogen-plasma bombardment was approximately 2600 s.
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and —200 V, respectively. The surface temperatures of the W-fuzz targets were also
measured using a pyrometer which indicated 890, 916 and 920 at V, = —300, —250 and
—200 V, respectively, where the emittance was set at the value of bulk W, 7.e., 0.43 at 0.65
um. However, accurate temperatures were not obtained because of the unknown emittance
of the W-fuzz. The accumulation or resolidification of the agglomerated nanostructures
due to the annealing effect most likely occurred on the surface as reported in Ref. [4], and

contributed to the W-fuzz destruction.

Again, the intensity of the reflected atoms from the W-fuzz sample was about one half
of the flat-W surface following plasma-induced destruction of the fuzz surface structure.
Although the microscale structures remained on the surface for lower incident energy cases
especially at V, = —200 V, the spectral intensity originating from the reflected atoms
reached the same level of that measured for an intrinsically flat reference W as shown in
Fig. 9.5(c). This fact suggests that the remaining surface microstructures do not affect

significantly on the particle reflection coefficient.

The angular and velocity distributions of the reflected atoms can also change following
the rearrangement of the surface conditions during the hydrogen-plasma bombardment.
Previously, the angular distribution of surface reflected H* ions at 1 keV incident energy
was indeed found broader in case of W-fuzz surface compared to a flat W as discussed
in Chapter 4. However, no change in the spectral width and shape appeared for the
outermost Doppler-broadened component, e.g., at |AA > 0.37 nm for V, = —300 V. It
has to be noted that the monochromator observed the Doppler-broadened components
mirrored by the velocity distributions of the reflected atoms along the line of sight of
the optical measurements. The velocity components of the reflected atoms along the line
of sight are determined by both angular and velocity distributions. Assuming that no
significant change in the angular and velocity distributions of the reflected atoms was
caused due to the different surface conditions following the destruction of the fuzz surface
structure, the relative change in the particle reflection coefficient was characterized from

the comparison of the Doppler-spectral intensities.
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9.4 Summary

The time evolution of intensity of the Doppler-broadened He spectra emitted by hydrogen
atoms reflected from the W-fuzz was investigated under hydrogen-plasma bombardment.
The spectral intensity increased and saturated exponentially during the plasma bom-
bardment. The destruction of the fuzz structure was confirmed by post bombardment
sample characterization by FE-SEM. The results indicate that the destruction of the
porous fuzz surface caused the increase of the particle reflection coefficient of the hydrogen
atoms during the plasma bombardment. The contribution of the reflected atoms in Hx
emission for the W-fuzz was reduced to be 50% of that for the flat W after the fuzz layer
annihilation. This suggests that the formation of the W-fuzz layer reduces the particle
reflection coefficient in the low incident energy range below 300 eV. While absolute values
of the particle reflection coefficient are required as inputs for quantitative modeling studies,
the magnitude of the observed relative change (~50%) in the hydrogen particle reflection
coefficient due to the W-fuzz surface structure can be useful information in sensitivity
studies to estimate the effects of nanostructured W surface upon the divertor plasma
condition. The results suggest that it is easy to remove the W-Fuzz layer from the W
surface in a hydrogen plasma. Further study may also be required to investigate an
additional effect such as the change in the sputtering yield following the annealing of the

W-fuzz layer.
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Chapter 10

Conclusions

Hydrogen particle reflection property at the divertor plates determines the overall fusion
reactor operational performance. In this study, effects of the He-induced W surface
morphologies upon the particle reflection were experimentally investigated. The particle
method using an ion beam based test stand apparatus clarified that a nanostructured
W-fuzz surface remarkably reduces the particle reflection coefficient of incident H* ions at
the incident particle energy of 1 keV. The H* ion reflection yield for a W-fuzz sample was
of the order of 1/3 of that for a flat reference W.

The particle method can be applied only to the measurement of reflected ion properties
at relatively high particle energy due to the difficulty in the low energy ion beam transport.
On the other hand, the experimental characterizations of the reflected neutral particles at
lower incident energy are required because most of the particles incident onto the divertor
are backscattered as neutral atoms with their incident energy less than a few 100 eV.
The properties of particles reflected at a plasma-facing wall as neutral atoms need to be
investigated in lower particle energy region.

In this study, a Doppler-spectroscopic measurement technique for low energy hydrogen
atoms reflected from a metal surface under a plasma bombardment was successfully
developed with the significant reduction in background signals from the plasma. The
most outer component of the Doppler-broadened Ho emission spectra was clarified to
originate from the energetic atoms produced by surface reflection at a W surface under the

plasma bombardment with negative target bias. The observation at the region outside of

105



CHAPTER 10. CONCLUSIONS

the plasma column dramatically enhanced the signal-to-noise ratio by reducing the large
background due to the plasma excitations. While the contribution from the reflected atoms
accounted for only less than 1% of the background intensity with the line of sight in the
plasma, the proportion of the contribution from the reflected atoms against the background
was enhanced to 10%, approximately, at the plasma-peripheral region. Collisions with
local Hy molecules are proposed to excite the energetic atoms reflected from the W surface
to the n = 3 level and to contribute to the sufficiently maintained signal intensity of the
reflected atoms even beyond the plasma peripheral region. The developed technique may
put an advantage to measure the property of hydrogen reflection including the velocity
distribution of the reflected particles in the incident H ion energy range below several
100 eV, which is indispensable for the prediction of fusion plasma fundamental processes

including hydrogen recycling and plasma-boundary processes.

The developed measurement technique was applied to the investigation of effects upon
the hydrogen reflection properties due to the He-induced W-fuzz surface morphology.
The continuous hydrogen plasma bombardment resulted in the removal of the fuzz layer.
The time evolution of the Doppler-spectral intensity originating from the reflected atoms
exhibited an increase of the hydrogen particle reflection coefficient correlated to the
continuous removal of the fuzz layer. The particle reflection coefficient of the W-fuzz
surface was approximately one half of that of the flat surface after the fuzz layer removal in
the incident particle energy range of 200 - 300 eV. There was no significant change observed
in the spectral shapes and widths in the contribution from the reflected atoms, indicating
that the effects on the velocity distribution of the reflected atoms due to the W-fuzz
surface are negligibly small. In this study, the relative change in the particle reflection
coefficient due to W-fuzz surface was investigated. While the reflection coefficient data in
the absolute unit are required as input for the quantitative modeling studies, the obtained
relative information is also useful to estimate the absolute value from available literature
data. For example, it is known that the particle reflection coefficient of hydrogen at normal
incidence onto W target is ~0.6 at the incident particle energy of 300 eV (refer to Fig. 2.4

about the reflection coefficients calculated by W Eckstein). Considering the observed
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relative change, the particle reflection coefficient of hydrogen atoms for the W-fuzz sample
is estimated to be ~0.3. This estimation can be useful for sensitivity studies to address
the impact on the fusion plasma fundamental processes due to the formation of W-fuzz

surface structure on the divertor surface.
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