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Abstract

Establishment of a fueling method in hot and large plasmas is one of the important issues to
realize the fusion rector. An ideal fueling system for the steady-state fusion reactor should be
as simple as the gas puffing, simultaneously achieving high fueling efficiency as the ice-pellet
injection. Furthermore, the fueling method that can improve the confinement property of the
main plasma is favorable. In this thesis, two fueling methods in the Large Helical Device
(LHD) are studied. One is the gas puffing, which is the most basic fueling method, and
another is the Compact Toroid (CT) injection, which is the most advanced fueling method.
For reliable density control by gas puffing, it is important to understand the response of the
plasma density to the gas puff flux. The fueling efficiency of gas puffing in LHD has not been
known, while it has been estimated as ~ 10 % in diverted tokamaks. Determination of the
fueling efficiency is often complicated and one should carefully consider the particle balance.
Investigation of the confinement improvement is one of the important themes of the fusion
plasma experiment. Making use of the flexibility of gas puffing that the working gas can be
changed from hydrogen to other high-Z gasses, it is possible to change the plasma property.
The confinement improvement due to the high-Z gas puffing has been reported from
tokamaks as known as the radiative improved mode. The high-Z gas puff experiment can be
more easily carried out in currentless LHD plasmas, since there is no concern about the
dangerous current disruption. In the meanwhile, gas puffing is not capable of the direct
fueling into the hot plasma core, which is thought to be favorable for the fusion reactor. One
of the possible methods is the CT injection, where a high-density magnetized plasmoid is
accelerated and injected into the target plasma. CT injection has been carried out in
small/medium tokamaks. However, it has not been obvious if this can be applied to the large
helical plasmas. Technically, the critical pass of CT injection in LHD lies in the long-distance
transfer of CT. The distance from LHD port to plasma center is about 4 m. Since such a long
distance transfer has not been reported, it is necessary to carry out the experiment for proof.

In this thesis, the fueling efficiency of gas puffing in LHD has been estimated for the
first time. The ‘effective’ fueling efficiency of hydrogen gas puffing ranges from 10 to 50 %,
in LHD. Here, the effective fueling efficiency is defined as the time derivative of the total
number of electrons divided by the electron flux supplied by gas puffing. The particle balance
analysis reveals that the recycling flux increases during the gas puffing and causes the high

effective fueling efficiency. At the limit of small recycling flux, the effective fueling
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efficiency decreases to ~ 10 %, which can be taken as the ‘real’ fueling efficiency of gas
puffing in LHD. In the helium gas puff discharge, where the recycling flux is large, the
effective fueling efficiency is larger than the hydrogen gas puffing and approaches 100 %.
This can be related to the large recycling coefficient of more than 0.95.

Two representative examples of the high-Z gas puff experiment in LHD are also
presented. The particle confinement was improved in the high-density pellet shot after the
methane mixed hydrogen gas puff discharges. Only four discharges introducing ~ 20 Pa'm’ of
methane caused the reduction of the radiation loss and the level of metal impurities as
expected as the real time carbonization effect. Decay rate of the electron density was
mitigated in the pellet shot after methane discharges. Transport analysis shows 60 % reduction
in the particle transport coefficient at the half of the averaged minor radius. In the neon gas
puff experiment, reduced ion number density resulted in the higher ion temperature than that
obtained in hydrogen plasmas. The electron energy confinement of neon plasmas is
highlighted and revealed to be similar to that of hydrogen plasmas. In both cases, the global
electron energy confinement strongly depends on the electron gyro-radius. A new scaling law
that describes the global electron energy confinement of hydrogen and neon plasmas in LHD
has been derived.

The possibility of CT injection experiment on LHD has been researched based on the
CT orbit calculation and the development of a CT injector named SPICA (SPheromak Injector
using Conical Accelerator). CT trajectories in the helical magnetic field were calculated and
the possibility of central fueling was confirmed with a model CT of 0.2 m diameter, 102 m?
electron density, and 300 km/s initial velocity, in the case of CT injection into LHD magnetic
field of 1.5 T. A CT of spheromak-type magnetic configuration can be formed using co-axial
plasma gun. Optimization of the CT injector for LHD has been carried out and a conical
electrode for CT compression is adopted in the design. Point-model of CT acceleration in a
co-axial electrode was solved to optimize the electrode geometry and the power supplies.
Based on the results, SPICA was developed and the CT acceleration experiments have been
carried out. SPICA is the largest CT injector in the world, which aims at fueling. In the
experiment, high speed CT of over 200 km/s was obtained. It was also demonstrated that the
CT could be transferred more than 3.6 m after the acceleration. These results indicate that
SPICA has enough performance to carry out the CT injection experiment on LHD.

The basic objective of this thesis is to extend our knowledge on the fueling and the
related physics problems. Although the knowledge obtained here is limited, it will be
available for understanding the fueling physics. In the investigation of other fueling methods,
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such as the pellet injection, and the neutral beam injection, the information presented in this
thesis will give the basis for comparison. Even for the complementary study of tokamak

plasmas with helical plasmas, the results of this thesis can afford the basic database.
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Chapter 1 Introduction

Establishment of the fueling method in hot and large plasmas is one of the important issues to
realize the fusion rector. Listed below are the typical fueling methods utilized in the fusion

plasma experiment:

(Gas injection)

- Gas puffing ' : Low fueling efficiency.

- Supersonic gas puffing : Medial fueling efficiency.
(Solid injection)

- Ice-pellet injection : High fueling efficiency.

(Plasma application)
- Neutral beam injection : High fueling efficiency.
- Compact toroid (CT) injection : High fueling efficiency.

In general, the gas injection system is simple and can bé easily applied in the steady state
operation [1 - 8]. The fueling efficiency of gas puffing, however, is thought to be not
satisfying. Recently, the supersonic gas puffing (supersonic molecular beam injection, MBI,
in [9 - 12], and supersonic pulsed gas injection, SPGI, in [13 - 15]) is attracting an attention of
the fusion community. This method was proposed to realize the high fueling efficiency with a
supersonic high-density cloud of neutrals. Due to the collective effect of the high-density
cloud that cools the plasma surface of a small area, the penetration depth is expected to be
deeper than that of the ordinary spread gas puffing. In the Tore Supra tokamak, for example, a
fueling efficiency of 30 — 50 % was achieved [15]. It is necessary to perform the efficiency of
supersonic gas puffing on large plasmas. Ice-pellet injection has achieved high fueling
efficiency of up to 100 %, especially in the case of high-field side injection [16, 17]. On the
other hand, the steady state density control by the repetitive ice-pellet injection has not been
performed to date, although it is being developed intensively. Neutral beam injection has the
capabilities of plasma center fueling and plasma flow induction [18 - 20]. In this case, the cost
is considerably higher than the others. CT injection is the most advanced fueling method that
has a possibility of achieving high fueling efficiency [21 - 30]. The confinement improvement
of the plasmas triggered by CT injection is also expected. Application of this on large plasmas
has been waited. The ideal fueling system for the steady-state fusion reactor should be as

simple as the gas puffing, simultaneously achieving the high fueling efficiency as the pellet
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injection. Furthermore, the fueling method that can improve the confinement property of the
fusion plasma is favorable, if possible.

In this thesis, two of the above fueling methods are studied in the framework of
Large Helical Device (LHD). One is the gas puffing, which is the most basic technique
utilized from the beginning of nuclear fusion research, and another is the CT Injection, which
is the most recent and advanced fueling method. LHD is the world-largest super-conducting
machine with the heliotron configuration, where the large current-free toroidal plasmas are
being studied [31 - 34]. LHD has a set of continuous helical coils and three sets of poloidal
coils, which generate the nested magnetic surfaces, where the field period around the torus is
10 and the pole number is 2. The maximum magnetic field at the plasma center reaches ~ 3 T.
The major radius of the vacuum vessel is 3.9 m. The plasma minor radius can be changed
from 0.5 to 0.65 m. Major objectives of LHD are: (1) achievement of high n7 T plasmas for
the transport study which can be extrapolated to the fusion reactor plasmas; (2) achievement
of high-beta plasmas of <> > 5 %, and investigation of the relevant physics; (3) development
of divertor device which enables the long-pulse experiment of current-free plasmas, and
obtain the basic data for steady-state operation; (4) study of the high-energy particle behavior
in helical magnetic fields, and experimental simulation of the & particles in fusion plasmas;
and (5) complementary study with tokamaks for general understandings of the toroidal plasma
physics. The large and hot LHD plasma is an adeqﬁate object for fueling study. Since no
current is necessary to form the magnetic surfaces for plasma confinement, there are fewer
‘concerns about the instabilities than tokamak plasmas. On the other hand, LHD plasma is
showing a plenty of common plasma physics with the tokamak plasmas, such as the
gyro-Bohm like behavior of the energy confinement and the fueling efficiency of gas puffing,
as will be shown in this thesis. Study on LHD will help the understandings of tokamak
plasmas, which is thought to be the nearest to the nuclear fusion reactor, at this moment.

Although gas puffing is a conventional and convenient way to control the plasma
density, there have been remained many unsolved problems. For instance, the fueling
efficiency of gas puffing in LHD has not been known. The fueling efficiency of gas puffing is
one of the important parameters to describe the particle balance of the fusion plasmas, and has
been studied in numerous tokamaks. Typically, the fueling efficiency of gas pufﬁng on the
diverted tokamaks is 10 %. Conventional method to estimate the fueling efficiency of gas
puffing is to compare the time derivative of the electron density before and after the gas puff

termination. However, this method has a difficulty; i.e. it is necessary to assume the related




parameters, such as the fueling efficiency or the recycling rate, are constant around the
termination, and this inevitably includes the inconsistency since gas puff termination itself is
transient. Another simple method is to compare the total amount of the particles puffed during
the discharge and the total particle number in the plasma. This method also has a difficulty
since the plasma density of the previous discharges largely affects the total particle number
via an enhanced recycling process. In this thesis, the fueling efficiency is investigated based
on a particle balance model. According to the model, it is possible to estimate the fueling
efficiency from the ratio of density increase rate to the gas puff flux, as long as the change in
the plasma density is due to the gas puffing alone. This method is robust to the aftereffects of
the previous discharges, since it uses the time derivative of the plasma density.

A piezo-valve has been inserted inside the vacuum vessel of LHD, since the 6th
experimental campaign started on 1 October 2002. In the experiment using the inserted
piezo-valve, local increase of neutral particle pressure at the gas puff port was observed.
Supported by this, a particle balance model has been analyzed. The recycling parameters
given by the model indicate that the recycling phenomenon is not to be neglected in the
fueling scenario of gas puffing. Especially in LHD plasmas, the recycling flux is considerably
larger than the gas puff flux and it is no exaggeration to say that the plasma density is
increased by the recycling flux. The role of recycling flux on the particle balance will be
highlighted in this thesis.

In tokamaks, a number of impurity induced confinement improvemént has been
reported, i.e. Z-mode in ISX-B [35], RI-mode in TEXTOR-94 [36], TFTR [37], and DIII-D
[38], where a small amount of noble gas was injected to the hydrogen or deuterium plasmas.
On the other hand, the confinement property of LHD plasmas shows the gyro-Bohm nature
[39, 40], where the energy confinement time inversely depends on the ion gyro-radius (see
Appendix), and a recent study has pointed out the importance of the effective charge Z.¢ that
affects the averaged ion gyro-radius [41]. In this thesis, two examples of the exploration for
the plasma confinement improvement by impurity gas puffing are discussed. At first, methane
was used to reduce the metal impurity contamination. Secondary, neon was used to study the
influence of the ion gyro-radius on the energy confinement and to see the RI-mode would take
place in LHD. These are the good examples that show the flexibility and the imi)ortance of
gas puffing in the plasma experiments.

Since Oct. 1999, LHD has been equipped with the carbon divertor tiles that cover the
full trace of the divertor legs. The influx of metal impurities has been significantly reduced,

while the emission from carbon ions has been increased. However, these influences of carbon
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divertor tiles were conspicuous only just after the installation [42]. The methane mixed
hydrogen gas-puff experiment has been carried out in LHD. Although the methane mixed
discharges itself did not show clear differences compared with the hydrogen gas-puff
discharges, only four discharges introducing ~ 20 Pa-m® of methane (consisting of about 5 X
10%! of carbon atoms) caused the reduction of metal impurity emission, together with the
improved confinement in the shot fueled by hydrogen ice-pellets. During methane discharges,
the carbon impurities are piled on the wall, and the aftereffect of this carbon accumulation can
last. This is what is called as the real time carbonization and can work to reduce the metal
impurities. This technique was applied as the real time boronization in CHS, where a small
amount of decaborane puffed into NBI-heated plasmas reduced the metal and oxygen
impurities [43]. In this thesis, the effect of methane discharges on the confinement property is
investigated through the transport analysis of pellet shots before and after methane discharges.

To investigate the effect of electric charge and mass of plasma ions on the energy
confinement property, neon gas puff experiment has been carried out. Reduced ion number
density resulted in the higher ion temperature than that obtained in hydrogen plasmas. Here,
the electron energy confinement is highlighted to see the difference between the hydrogen and
the neon plasmas. Although the gyro-Bohm model predicts significant difference between
them due to the different ion gyro-radius, and reduction in the electron thermal diffusivity has
been reported from RI-mode experiment in tokamaks, the global energy confinement of neon
plasmas is similar to that of hydrogen plasmas in LHD. Results of neon gas puff experiments
are also given in this thesis.

On the other hand, gas puffing is not capable of the direct fueling into the hot plasma
core, which is needed for the fusion reactor. One of the possible methods is the CT injection,
where a high-density magnetized plasmoid is accelerated and injected into the plasma core.
CT injection has been carried out in small / medium size tokamaks. However, it has not been
obvious if this can be applied to the large helical plasmas. The magnetic pressure working on
the CT surface determines the motion of CT in the magnetic field. Therefore, a CT traces
three-dimensional orbit in LHD, reflecting the helical magnetic pressure profile as will be
shown. This three-dimensional nature makes it possible to control the plasma density profile,
and to deposit the momentum parallel to the magnetic field. The confinement improvement
can be expected if the plasma rotation is to be induced by CT injection.

A CT of spheromak-type magnetic configuration is formed using co-axial plasma

gun and accelerated by the acceleration electrode connected to the formation electrode of the

same axis. This is called two-stage acceleration method. A two-stage co-axial magnetized
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plasma gun named SPICA, which is an acronym of SPheromak Injector using Conical
Accelerator, has been developed for LHD. Cone shape is adopted in the design of acceleration
electrode to compress the CT and achieve the high magnetic field and/or the high density.
Point-model is introduced to describe the motion of current-sheet inside the acceleration
electrode. The conical acceleration electrode is designed after the point-model simulation.
Technically, the critical pass of CT injection in LHD lies in the long-distance transfer of CT.
The distance from the LHD port to the plasma center is about 4 m in LHD. Since such a long
distance transfer has not been reported in the world, it is necessary to carry out the experiment
for proof. Two-stage acceleration experiments have been carried out on SPICA. The most
important objectives of SPICA is to generate and accelerate a high-density CT, and to
demonstrate the long-distance transfer of ~4 m.

In chapter 2, we investigate the fueling efficiency of gas puffing on LHD. The role of
recycling on the particle balance in LHD plasma is also discussed. Experimental results of
hydrogen and helium gas puff discharges are used there. Other than these, methane and neon
gas puff discharges have been performed on LHD, to study the effect of impurities on the
confinement properties. Favorable effect of methane discharges observed in LHD pellet shots
and the global electron energy confinement in neon gas puff discharges is analyzed and
presented in chapter 3. Development of a CT injector for LHD is described in chapter 4,
which consists of the CT orbit calculation in LHD magnetic fields, design study of the
co-axial plasma gun named SPICA, and experimental results of SPICA. In chapter 5,

conclusions of this thesis are summarized.
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Chapter 2 Gas Puff Experiments on LHD

This chapter discusses the fueling efficiency of gas puffing and the particle balance in LHD.
At first, equations to describe the particle balance are introduced in section 2.1. Secondary,
the fueling efficiency of gas puffing is estimated in section 2.2. The role of recycling flux in
the particle balance is investigated in section 2.3. Summary of this chapter is given in the last

section.

2.1. Equations

2.1.1. Effective fueling efficiency

For precise and reliable plasma density control by gas puffing, it is important to understand
the response of dNy/df to @D,q, where N; is the total number of the electrons confined in the
plasma and @, is the electron flux supplied by gas puffing. Here we define the effective

fueling efficiency, s, as

_dN/dt @.1.1)

a
eff
¢puﬂ

The conventional method to obtain the fueling efficiency of gas puffing, opus, is to compare

dN/dt before and after the termination of the gas puffing with @ [1, 2];

_(dN./dt)pesre (AN /A1),

apuff )

2.1.2)
puff — 0

Neglecting (dNo/df)ager in Eq. (2.1.2), one obtains Eq. (2.1.1). However, as will be discussed
later, Eq. (2.1.2) assumes that the other particle sources such as the recycling flux are
insensitive to the gas puffing and not changing before and after the gas puff termination. In

this chapter, we are showing that the recycling flux does change due to the gas puffing.

Therefore, oguir determined by Eq. (2.1.2) is not reliable. This is why we call the parameter
defined by Eq. (2.1.1) the ‘effective’ fueling efficiency.




2.1.2. Particle balance model

The particle balance model that describes the time derivative of the electron number density

in gas-fueled plasmas heated by the neutral beam (NB) injection can be expressed as

dn,

N,
— = = O Ppusr + Ay Raiv L aiv t Cwat Ry L want P — T_e . (2.1.3)

ds p

The particle sources are: @pusr times Gpusy; the recycling flux from the divertor plate (or the

vacuum vessel wall), which is a product of the recycling coefficient, Rgiv (Rwan), and the

outflow of the electrons, gy (Iwan), times the fueling efficiency of the recycling flux, agy

(Gwan); and the direct fueling component by the neutral beam (NB) injection, @yp. The
particle loss is simply expressed as — N/ 7,, where 1, is the particle confinement time.

Experimentally, @, is mainly used to control the plasma density, or N,” = dN/dr.

The response of N,' to @i can be directly related to Ol pufs,
aN,’

uff = , (2.1.4)
P 0D,

a

as long as the other parameters are insensitive to the change of @yus. In order to estimate Cpusr

by Eq. (2.1.4), the relations below should be satisfied,;

9(agiy Reiv L giv ) <<1, - (2.1.5)
3D,
st wan) 1 (2.1.6)
30,
9Pwg 2.1.7)
0D,
N,/
(Ne/7) | (2.1.8)
aqspuff

As will be shown later, typical orders of @np, Pyusr, and Iy in LHD are 10%°, 10!, and 10%,
respectively, while that of N.” ranges from 10% to 10%, in the unit s. Therefore, it is more
difficult to satisfy Eq. (2.1.5), than Eq. (2.1.7). As for Eq. (2.1.6), we have no information
about Ry, and/or I, itself to date. In this study, we refer to the H, signal to assure that the
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recycling term of Ryan /wan is constant. The H,, signal is proportional to the neutral particle
density in our experimental regime [3]. To confirm the last criterion, Eq. (2.1.8), it is
necessary to obtain 7,, which also has not been estimated experimentally. Meanwhile, the
benergy confinement time, %%, can be derived from the diamagnetic plasma stored energy,
Wpdia, as o® = Wpdia / (PxB — dedia / df), where Pyp is the NB heating power. Typical order
of TEdia is 0.1 s in LHD. In this study, we assume that the behavior of 7, resembles to that of
dia

7", and use %" to see whether Eq. (2.1.8) is satisfied or not.

2.1.3. Recycling coefficient

If one can neglect the term of @ wan Rwan Iwan in Eq. (2.1.3), it becomes possible to estimate the
divertor-recycling coefficient Rg,. In such a case, I, can be expressed by the equation

below;

N,
gy = (= 04y ) Pougr+ (1~ iy ) R L i+ T—e (2.1.9)

p
In other words, 1g;y is the sum of the residual part of @y that is not fueled to the plasma, the
residual part of the recycling flux, Ry Taiv, that is also not fueled, and the particle loss of
NJ/ %,
The sum of Egs. (2.1.3) and (2.1.9) gives the total particle balance equation as;

dN,

_dte =P+ Pag— (1= Ryyy ) sy - (2.1.10)
This means that the electrons supplied by gas puffing or NB injection increase the electron
density, and the residual part, which is not recycled, is absorbed by the divertor plates. Note

that if R4y = 1 and Py » Drp, Eq. (2.1.10) becomes

dN"z@ . - (2.1.11)

dr puff

Then o ¢ is nearly equal to 1.
The divertor-recycling coefficient Ry, can be derived from Eq. (2.1.10), as;

Fdiv .

Rdiv =1-

2.1.12)
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It is straightforward to estimate Ry, since the right-hand-side of Eq. (2.1.12) is composed of
the measurable parameters. In section 2.3, experimentally obtained Ry, together with the
recycling flux Rgiy I giv will be shown.

In the particle balance model of Eq. (2.1.3), the fueling term by the recycling flux is
given by &gy Raiv I giv- This means that all of the particles reflected by the divertor tiles are not
necessarily returned to the plasma. Meanwhile, the conventional understanding of the
recycling coefficient is that it expresses the ratio of the returned particles after the interaction
with the wall material. In such a case, a4y Rgv should be substituted by a recycling
coefficient of Rg;y' as below,

dn,
TR

N, ,
¢puff+Rd1v'Fd1v+¢NB_ Te . (2.1.3)
p

The divertor flux in this case is given by

N ,
Ly =(1—0pye )¢puﬁ+1_e° 2.1.9)
P
The sum of Egs. (2.1.3)’ and (2.1.9)’ gives the same expression of Rgi,' as Rgiy in Eq. (2.1.12).
Therefore, the recycling coefficient discussed below does not contradict the conventional

recycling coefficient.
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2.2. Fueling efficiency of gas puffing

2.2.1. Experimental results

Gas puffing is routinely used on LHD to control the electron density. The gas puff system in
LHD consists of eleven piezo ValVes distributed to three lower-ports as shown in Fig. 2.2.1.
Three kinds of piezo valves, of which the hydrogen flow rate at the maximum are 5, 50, and
100 Pa-m’/s, respectively, are utilized in the system. Density ramp up experiment has been
carried out on LHD. The major radius, R,y, and the strength of the magnetic field, B, at the
magnetic axis were fixed to 3.6 m and 2.8 T, respectively. One piezo valve set at 3.5L port
(see Fig. 2.2.1), of which the hydrogen flow rate at the maximum is 50 Pa'm’/s, was used
throughout the experiment. Discharges were initiated by the electron cyclotron heating (ECH)
and then sustained by the neutral beam (NB) injection. Two or three beam lines of
high-energy negative-ion based NB systems supplied ~ 3.5 or ~ 5 MW of the heating power.
The Pyp is estimated from the direct heat-load measurement of NB shine-through power on
the armor plate [1]. Electrostatic probes set on the divertor tiles were used to measure the
electron temperature, 7.2, and the electron density, n.2" [2]. Using these parameters, Iy is
estimated as the multiple of the ion saturation current density and the assumed wetted aria of
2 m’. The H, signals measured at two different toroidal positions showed similar behavior in
this experiment. From this observation, we assume the toroidal uniformity of neutral particle
behavior and use one Hg signal in the analysis below. LHD is equipped with ten sets of
magnetic coils located at every upper and lower port [3]. The magnetic field generated by
these coils interferes in the main helical magnetic field and is able to control the width of the
magnetic island (m/n = 1/1 or 2/1, where m and n are the poloidal and toroidal mode number).
Without using these coils, there naturally exists the m/n = 1/1 magnetic island in LHD. The
m/n = 1/1 magnetic island is located around p ~ 0.9, where p = r/a is the normalized minor
radius [3, 4].

Here, five discharges from the series of the density ramp-up experiment are selected
to examine Eq. (2.1.4) and estimate o These five discharges consist of the plasmas heated
by different Pnp, with the natural/cancelled/extended magnetic island of m/n = 1/1. Typical
parameters of the five discharges are summarized in Table 2.2.1. An example of the influence

of the magnetic island on the plasma performance can be seen in the table; i.e. the maximum

of W, is smaller in the shot with the extended magnetic island (#28189) than in the shot
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with the cancelled magnetic island (#28179), although the other parameters such as Pyp and
the line-averaged electron density, ne, are similar in both shots. Waveforms from one of the

five discharges are shown in Fig. 2.2.2. The density feedback starts at 1 s, where e is ~2 X
10" m®. ECH is stopped before 0.8 s and then NB injection alone heats the plasma. The
density is increased to ~ 5 x 10" m? during 1.5 — 3 s, by the feedbabk control of @Ppys. This
ramp up phase is indicated as “ Phase I ”, in Fig. 2.2.2. After the density reaches to ~ 5 X 10"
m'3, D, 1s reduced at 3 — 4 s. This phase is indicated as “ Phase II ”. This ramp up scheme is
also used in the other four discharges. Therefore the Phase I and the Phase II correspond to the

same times in all of the five shots, in the discussion below.

2.2.2. Fueling efficiency

As can be seen in Fig. 2.2.2, N’ = dN, /d¢ well correlates with @y during Phase II, while
these are not correlated during Phase I. Instead, @, and Ig;, show similar increase during the
Phase I. This suggests that the criterion of Eq. (2.1.5) is not satisfied here, and Eq. (2.1.4) is

not adequate to estimate op.s The Hg signal also increases with @, during the Phase I,

suggesting Eq. (2.1.6) is not satisfied in this phase. Although it is natural that ne increases
with @y during the Phase I, the constant nature of the 7** suggests the violation of Eq.
(2.1.8) at this phase. The linear correlation between @, and the reference parameters (N,
Tiv, Hy, @y, and N./5™®) is calculated to estimate opyr by Eq. (2.1.4), while confirming the
four criteria of Egs. (2.1.5) - (2.1.8). Here, we investigate two ensembles of the data from
Phase I and Phase II of the five discharges. Note that this ensemble method is suitable to find
out a robust correlation. For instance, a large correlation factor can be obtained between any
two irreverent parameters in a discharge, only if these two are monotonically changing in time.
In the data ensemble composed from several discharges with different experimental
conditions, such a feigned correlation tends to disappear.

The linear correlation coefficient, R, is summarized in Table 2.2.2. At the Phase I,
the linear correlation between @y and N, is weak and it is not possible to estimate o with
Eq. (2.1.2). At the same phase, strong correlation between @y, and Hg (or N / z'Edia) is
observed, which indicates the violation of Eq. (2.1.4) (or Eq. (2.1.6)). Furthermore, there is a
possibility that Rgy, is changing since the electron temperature at the divertor, T s

decreasing during Phase I (see Fig. 2.1.1). As for the Phase II, on the other hand, there
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recognized is a strong correlation of R, = 0.95 between Dpurr and Ne’.> Meanwhile, other
reference parameters indicate small linear correlation factors of less than 0.3, which assure the
criteria of Eqgs. (2.1.5) - (2.1.8). These results support the validity of | applying Eq. (2.1.4) for
the data from the Phase II. The relation between @y« and N, is shown in Fig. 2.2.3. The least

square fit of N;" with @, gives the linear equation below;
N =0.12 X Dy 12, (2.2.1)

where the unit is 10'° 5. Comparing Eq. (2.2.1) with Eq. (2.1.3) (or, Eq. (2.1.4)), the fueling
efficiency is obtained from the slope of Eq. (2.2.1); i.e. arpur = 0.12. The offset of Eq. (2.2.1)
(= 12) corresponds to the sum of the other terms than &/pur Ppuss; in the right-hand-side of Eq.
(2.1.3).

As seen in Fig. 2.2.3, all of the five discharges have similar slopes as Eq. (2.2.1),
although the offsets are different. The slopes (offsets) individually calculated for the five
discharges at Phase II are; 0.12 (-8.3), 0.13 (-16), 0.11 (-12), 0.10 (-8.3) and 0.14 (-21), for
#28163, #28166, #28178, #28179, and #28189, respectively. Note that the slopes calculated
individually are identical to that of Eq. (2.2.1) within 20 %. This suggests that & s is
insensitive to the heating power or the existence of the magnetic island, within the
experimental conditions studied here. The fueling efficiency of about 10 % obtained here is
similar to that observed in diverted tokamaks [5], although the estimation method is different.
As for the offsets, it seems to change according to the experimental condition. Recycling

might be the one of important keys to understand this.

2.2.3. Discussion

Where does the residual gas, which corresponds to nearly 90 % of the fueled gas, disappear?
In LHD, typical order of the neutral pressure during the NB heated discharge is 10 Pa [6],
and is much smaller than that expected from the integrated gas puff flux (10 — 100 Pa- m’) and
the volume of vacuum vessel (210 m*). The maximum pumping speed of the LHD vacuum
system is less than 200 m®/s, and the resultant exhaust flux is also smaller than the gas puff
flux. One of the possible scenarios to answer this is that the residual gas is absorbed by the

plasma facing materials, such as the divertor tiles and the first wall of the vacuum vessel.
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Fig. 2.2.1. Distributions of piezo-valves for gas puffing. At the 5.5L port, gas is fed through

three narrow pipes of which the inner radius 1s 10 mm and the length is about 5 m.
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Fig. 2.2.2. Waveforms of typical parameters in the density ramp up discharge of #28179.

ort_through

Depicted from the top to the bottom are; the port through power of NB, Pygp” , and

Pup; ne and the electron density calculated from the integrated particle number supplied by
gas puffing with assumption of 100 % efficiency, n”"; N.’ = dN, /dz and @p; W, and wYe
n and T.%, measured by the electrostatic probes on the divertor tile; 7g;y and Hy signal. The
density ramp up phase and the latter phase are hatched and denoted as “ Phase I ” and “ Phase

I1 >, respectively.

17




60 — ' |
X #28163
[ #28166
o~ ® #28178
2]
o~ 401 | o #28179 2
© O #28189
A\l
S ] |
S 20
()]
= o
0 ~
| / dN /dt=012® -12
L el L Iprf L

0 200 400 600
19
() 10°/s
ot { )
Fig. 2.2.3. Relation between @y and N,” = dN, /dt. Shown are the data from the Phase II of

five discharges with different experimental conditions. Solid line is the least square fit of the

data ensemble (Eq. (2.2.1)).
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Table 2.2.1. Summary of the typical parameters of the five discharges selected to
estimate the fueling efficiency. (PnB)max, (;e )max, and (Wpdia)max are the maximum

of Pyg, ;e, and Wpdia , respectively. The arrow (<) denotes that the experimental

condition is identical to the left column.

Experimental Shot number
condition #28163 #28166 #28178  #28179  #28189
Rax (m) 3.6 «— «— — «—
By (T) 28 - - - -

Magnetic island | Natural — Canceled «— Extended

(PNB)max (MW) 3.5 5.0 4.7 4.7 4.7
(7 Jmax (10°°m™) 5.2 5.9 4.5 5.2 52
(W™ max () 535 661 606 606 526

Table 2.2.2. Linear correlation coefficients
R;. between @D, and the reference
parameters (N.', Iy, Ho, @Dy, and N,
/%:%®), at Phase I and Phase II.

Reference Re
parameter Phase 1 Phase 11
N 0.49 0.95
Ty 0.53 0.17
Hy 0.80 0.24
Dnp 0.51 0.20
N./5* 0.91 0.08
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2.3. Role of recycling flux on gas fueling

In the former section, the fueling efficiency of gas puffing in LHD has been estimated as ~
12 % [1]. Other than the fueling efficiency, the recycling phenomenon plays an important role
in the particle balance of fusion plasma systems. Especially in LHD plasmas, the recycling
flux is considerably larger than the gas puff flux. Therefore it is no exaggeration to say that
the plasma density is increased by the recycling flux, as will be discussed later. This section
discusses the particle balance in LHD plasmas, based on the results from the gas puff

experiments using the inserted piezo-valve.

2.3.1. Experimental setup

Since the 6th experimental campaign started on 1 Oct. 2002, a piezo-valve has been inserted
inside the LHD vacuum vessel. Figure 2.3.1 shows the schematic of this device and its
location in LHD. The relation between the gas puff flux and the control voltage has been
calibrated. In the experiment, the control voltage is always monitored to estimate the electron
flux supplied by gas puffing, @,.4. The maximum hydrogen flow rate of the piezo-valve is 60
Pa-m’/s (Pourr=2.9 X 10% s'l), when the absolute backpressure of the piezo-valve is 0.2 MPa.
The time for full open to full close, or vice versa, of the piezo-valve is less than 1 ms,
according to the result of test run, where the same kind of piezo-valve was used. Linear
motion system of 0.5 m stroke is equipped and the vertical position of the piezo-valve is
changeable. Throughout the experiments in this study, the piezo-valve was located at the
upper position (or the ‘private region’ in relation to the divertor legs).

Also shown in Fig. 2.3.1 are the locations of the measurements discussed below. Two
Fast Jon Gauges (FIG) [2] measure the neutral particle pressure at different location. One FIG
is set inside the same upper-port as the gas puff device and the neutral particle pressure
measured there is denoted as p;. Another FIG is set inside the inner-port with a separation of
1.5/10 toroidal sections from the gas puff port, which measures py. The particle (electron) flux
onto the divertor plates, /gy, is measured by the Langmuir probe array installed on the
divertor plates [3]. The ion saturation current density times the assumed wetted area of 2 m? is

defined as [gi, in this study. The electron density profile is measured by the multi channel

far-infra-red (FIR) interferometer [4]. The line-averaged density, ne, is obtained from the

FIR data of a central chord that passes near the magnetic axis. Since the electron density
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profile is flat in the gas puff discharges, the total number of electrons, N, is estimated as N, =
;ex Vp, where V;, is the plasma volume. The electron temperature at the plasma center, Teo,

and that at p = 0.9 (p = r/a is the normalized minor radius), T, (p=09), is measured by the
Thomson scattering [5]. The ion temperature at the plasma core, Tjp, is measured by the
Doppler broadening of a line spectrum (Ar XVII) emitted from argon ions [6].

In this study, we focus on the plasmas heated by the negative-ion based neutral beam
(NB) injection. The beam energy, Eng, ranges from 140 to 170 keV. The NB heating power,
Pyg, is estimated from the NB port-through power and the direct heat-load measurement of
NB shine-through power on the armor plate [7]. The particle flux supplied by NB, @yp, is
derived from these Pyp and Eng. Since Eng is high, the order of @yp is 10%° 5! and much less

than the typical @, in this study.

2.3.2. Hydrogen gas puff experiments

Waveforms from the typical hydrogen gas puff discharge are depicted in Fig. 2.3.2 (a).
Rectangular pulses are used to open the piezo-valve. The time derivative of the total number
of electrons, dN./d¢, sharply increases with @, after a short delay of ~ 10 ms, which is larger
than that obtained in the test run. Although the reason of the dead time is not understood at
this moment, it is not the fatal problem in this study since the gas puff pulse length is much

longer than the dead time. Two kinds of the neutral particle pressure, po and p,, are plotted in
Fig. 2.3.2 (b), together with ne. Modulations corresponding to the gas puff pulses can be
seen in ne and 1. Since p; is measured at the gas puff port, each of the peaks in p; can be
taken as a part of @y that is not ionized. As for py, it gradually increases with ;e, and no

clear sharp increase due to the gas puff pulse is observed. The correlation between po and e
will be discussed again later. Well after the last gas puff pulse (> 3.2 s), po and p; show similar
behavior. After the plasma disappears (~ 3.5 s), the pressure abruptly increases (~ 4.0 s) and
then decreases again (> 4.2 s) with a reasonable rate as estimated from the vacuum pumping
speed. Although the physical scenario that can explain the abrupt pressure increase is not fully
understood to date, the similar absolute values of py and p, indicate that the discrepancy
between pg and p; before 3.2 s is due to the gas puffing and not to the systematic errors of
FIGs.

The insensitive behavior of py suggests that the pressure rise due to gas puffing is

21




localized around the gas puff port. The neutrals that are not ionized cause the increase in p;.
Assuming that the pressure rise as p; is localized at the upper-half of the 1/10 toroidal section
of LHD vacuum vessel, the neutral particle flux is calculated as (dp;/df) X Vi, where V; = (210
- V) / 20, and 210 m? is the volume inside the LHD vacuum vessel. Comparison between
Dyufrand (dpy/df) X Vi in the unit of Pa-m’/s is shown in Fig. 2.3.2 (c¢). The absolute value of
(dpi/df) x Vi is less than 10 % of @y Residual particles of more than 90 % of @y are
ionized and fueled to the plasma. v

Other important fluxes in the particle balance equations (see section 2.2.4) are /gy

and Pyg, which are also depicted in Fig. 2.3.2 (c). As mentioned before, @yp is small since
the high-energy NB is adopted in LHD. The order of @yp, dN./df, and @y are 10%° s'l, 107!
57, and 102 57, respectively. The largest flux in this experiment is /gy, of which the typical

order is 10% s,

2.3.3. Effective fueling efficiency

The relation between dN/df and Py is depicted in Fig. 2.3.3, where the closed (open) circles
are the data extracted from hydrogen (helium) gas puff discharges and the open squares are
the data analyzed in section 2.2 (denoted as ‘ref. 1°). In the hydrogen gas puff discharges, o
is distributed from 10 % to 20 % for the most part, and the maximum of g reaches 50 %. In
the helium gas puff discharges, larger aee of 20 — 100 % are obtained. As for the data from
section 2.2, o can be fitted by Eq. (2.2.1).

The density increase is not necessarily due to the gas puffing alone. Other particle
sources such as @yg or the recycling fluxes should be considered. In section 2.2, the influence
of other particle sources is carefully eliminated and the relation between dN/dt and @y is
obtained as Eq. (2.2.1). In this case, the coefficient of 0.12 can be treated as the ‘real’ fueling
efficiency of gas puffing. Returning to Fig. 2.3.3, the large o« possibly suffers from the
influence of other particle sources. In section 2.2, a large ¢ of > 17 % also appears (see Fig.
2.2.1) at the phase where the influence of other particle sources cannot be neglected (denoted
as ‘Phase I in the figure).

Large o« at the large @y regime is favorable from the viewpoint of achieving a
high density in a short time. However, the large dispersion of ¢ is not favorable to establish

the reliable density control method. In the following subsections, we will investigate the cause
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of the large dispersion in .

2.3.4. Particle balance

The particle balance model has been introduced as Eq. (2.1.3) in section 2.1, where the
ionization efficiency of the gas puff flux is assumed as 100 %. In the discharges discussed
here, Oiant Ruan Tyan in Eq. (2.1.3) can be neglected since the absolute value of py, which
indicates the pressure of the remaining neutral particles, is much smaller than p;, which
corresponds to the small part of @, (see Figs 2.3.2 (b) and (c), and note that the ionization
efficiency is estimated as > 90 %).

Here, we are adopting one more important assumption for 7, i.e. all of the outward -
particle fluxes from the plasma go to the divertor plate. Since the outward magnetic lines of
force that have long connection length are connected to the divertor plates [3], this
assumption is valid if the direct particle loss to the vacuum vessel wall due to the charge
recombination is small enough to be neglected. This is not the case if the divertor is
‘detached” and the electron temperature at the plasma periphery or the divertor leg decreases
to less than a few eV. In LHD, however, clear divertor detachment has not been observed to
date [3]. Then equations introduced in section 2.1.3 are valid and Eq. (2.1.12) can be used to
estimate the recycling coefficient Rg;y. In the next subsection, experimentally obtained Ry

together with the recycling flux Rgy Igiv will be shown.

2.3.5. Recycling flux

The data depicted in Fig. 2.3.3 consisted of the discharges with different experimental
conditions. For example, the axis of the vacuum magnetic field, Ry, is varied from 3.5 to 3.75
m, and the magnetic field strength at the magnetic axis, By, ranges from 0.5 to 2.8 T. To
eliminate the dependence of the parameters on these experimental conditions, we select the
data using several criteria, i.e. Ry = 3.5 m, By = 2.854 T, and the NB port-through power is 6
or 7 MW. Furthermore, data is selected from successive discharges in one day, to minimize
the influences of the wall condition of the vacuum vessel. The characteristics of the data
selected according to these criteria are shown in Fig. 2.3.4, where the density dependence of

the key parameters (Pns, po, 1div, Raiv, and Rgiv [3v normalized by N,) is summarized. A
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typical discharge involved in Fig. 2.3.4 is #39931 shown in Fig. 2.3.2. Other data points are
also extracted from the pulsed gas puff discharges such as #39931. In Fig. 2.3.4, shown are
data during gas puffing (open and closed circles for the NB port-through power of 7 MW and
6 MW, respectively) and that between gas puff pulses (open squares, denoted as ‘w/o gas
puff’, where the NB port-through power is 7 MW).

At the low-density regimes in LHD, the NB shine-through is not negligible and Pyp
is smaller than the NB port-through power (Fig. 2.3.4 (a)). As has already been shown in Fig.

2.3.2 (b), po increases with ne. The linear correlation between these two is robust and

scarcely depends on Pyg, or the existence of gas puffing (Fig. 2.3.4 (b)). The linear
dependence on ne also can be recognized in gy, (Fig. 2.3.4 (c)). The relation between Ne

and 7y, is, however, not robust as py and changes with the NB heating power. Furthermore,

I 4iv during gas puffing is larger than that w/o gas puffing, compared at the same ne and the
NB heating power. The recycling coefficient Ry defined by Eq. (2.1.12) is shown in Fig.
2.3.4 (d). At the phase w/o gas puffing, R, is high and ~ 1. When the gas puffing is applied,
Rgiv decreases and this characteristic is more evident at the low-density regime. The recycling
flux defined by (Rqiv Taiv) also increases with Ne , as Tg;y. It is convenient to use the recycling
flux normalized by N., i.e. (Raiv Taiv) / Ne, to discuss the level of recycling flux as shown in
Fig. 2.3.4 (e). It should be noted that the normalized recycling flux is increased by gas puffing,
although Ry itself decreases.

Returning to the effective fueling efficiency, o, it also shows the Ne dependence
as shown in Fig. 2.3.5 (a). However, the correlation between these two is not simple, i.e. it is
positive for the 7 MW data, and negative for the 6 MW data. The simpler correlation is
obtained in Fig. 2.3.5 (b), where the abscissa is given by the normalized recycling flux. In the
discharges with 6 MW NB port-through powers, the hormalized recycling flux is larger than
the 7 MW case, as shown in Fig. 2.3.4 (e), and at the same time it achieves a higher ac. Even
for the individual datasets of 7 MW and 6 MW, respectively, a positive correlation between
Ofr and the normalized recycling flux is recognized.

From these observations, it can be understood that high oy is resulted from the large
normalized recycling flux. Therefore, it is expected that oy saturates to Opuer of 12 % as
obtained in section 2.2, at the limit of the small normalized recycling flux. This can be seen in

Fig. 2.3.5 (b), where o.¢ ranges from 9 — 14 % in the regime of (Rgiv [aiv) / Ne < 120 s,
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2.3.6. Helium gas puff experiments

Helium gas puff experiment has been carried out to change the recycling parameters. As has
been often observed, decay in the plasma density is more moderate in the helium discharges
compared with the hydrogen discharges. This is thought to be a resultant from the difference
in the recycling property. In the helium gas puff discharges, a high o that approaches 100 %
has been obtained (Fig. 2.3.3). According to the result of the former subsection, a large
recycling flux that results in the high ¢ is expected in these cases. Waveforms in a typical
helium gas puff discharge are shown in Fig. 2.3.6. One short helium gas puff pulse of 0.15 s
rapidly increases ne from 1 x 10° m® to 6 x 10° m™ (Fig. 2.3.6 (a)). Such a rapid depsity
increase by gas puffing often causes the radiation collapse [10], since the excess of the neutral
gas cools the plasma edge temperature and enhance the radiation loss. In this case, plasma
performance is not deteriorated by gas puffing, as shown in Fig. 2.3.6 (b). Although the
electron temperature decreases as the density increases during the gas puffing, the
plasma-stored energy estimated from diamagnetic signals (W}, gia) continues to increase and
no signs of radiation collapse can be recognized. The recycling coefficient defined by Eq.
(2.3.8) decreases from 1 to 0.7 at the beginning of gas puff pulse (Fig. 2.3.6 (c)), as is the
hydrogen case shown in Fig. 2.3.4 (d). During the gas puffing, Rg4y increases to more than
0.95. Immediately after the gas puffing is turned off, R4, recovers to 1 with a slight overshoot.
In Fig. 2.3.6 (d), depicted are the o and the normalized recycling flux, (Rav Zaiv) / Ne.
Although the positive correlation between these two can be seen at the early phase of gas
puffing, it becomes a negative correlation at the latter phase.

The relation between g and (Rgiv Z4iv) / Ne is depicted in Fig. 2.3.7 (a), where the
data of hydrogen gas puffing plotted in Fig. 2.3.5 (b) are also shown for comparison. The data
from the early phase of the helium gas puff pulse shows a positive correlation similar to the
hydrogen case. However, even after the normalized recycling flux reaches its maximum and
begins to decrease, a.¢ continues to increase. In that phase, the positive correlation between
O and (Raiv 1 div) / Ne is completely lost. This phenomenon can be explained by Fig. 2.3.7 (b),
where . as a function of Rgjy is plotted. According to Eq. (2.3.7), one can achieve gy ~ 1
when Rgiy ~ 1 and @yp is negligible. At the phase where the positive correlation between s
and (Raiv Zaiv) / Ne is lost, Rgiy is fairly large (> 0.95) and continues to increase to 1. At the
same time, g also increases to 1. Therefore, the phase where the correlation between g

and (Rgiv T3iv) / N. is lost can be understood as the transient phase to the perfect-recycling
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state of Rg;y = 1.

2.3.7. Discussion

It has been shown that the larger effective fueling efficiency than ~ 10 % is caused by the
large recycling flux. From this, the difference between Phase I and II, which were defined in
section 2.2, can be explained, i.e. the recycling flux is large in the Phase I and becomes small
enough in the Phase II.

An inserted piezo-valve has been used in this study. Location of the valve is identical
to that in the future supersonic gas puff experiment, where the piezo-valve will be replaced to
the supersonic valve. The gas flux puffed from the inserted piezo-valve directly reaches the
plasma surface. Therefore, this can be called as the ‘direct’ gas puff. Usually, other
piezo-valves set on the manifolds under the lower ports have been used in LHD, as in section
2.2. In this case, the gas flux suffers from reflection and absorption by materials like the
vacuum vessel wall. However, any clear difference has not been recognized between the
direct gas puffing and the ordinary ‘indirect’ gas puffing, in the global point of view, such as
the particle balance and the fueling efficiency. Namely, the fueling efficiency of the direct gas
puffing is similar to that of the ordinary gas puffing in the low recycling flux condition. Note
that this result does not mean that these two are fully identical. For instance, the decay time of
dN./dt after the gas puff termination is shorter in the direct gas puffing as shown in Fig. 2.3.8.
Anyhow, the experimental results obtained here are to be compared with the future supersonic
gas puff experiment. If the fueling efficiency improves after the replacement of piezo-valve to
the supersonic one, it will be possible to clearly assert the merit of supersonic gas puffing.

It is not straightforward to understand the decrease in the recycling coefficient during
gas puff phase. The experimental data shown in this study indicate that even the plasma facing
materials seem to be saturated to give the recycling coefficient of 1, a new particle sink
appears due to the gas puffing. A similar phenomenon also has been reported from the
ultra-long discharge experiments on the TRIAM-1M tokamak [11]. The new sink generated
by gas puffing, of course, becomes saturated, as shown in the helium gas puff discharge in
Figs. 2.3.6 and 2.3.7. From the standpoint of the density control in the steady-state fusion
plasmas, it is important to establish the fueling and pumping methods that are effective under
the high-recycling condition. The experimental condition, where the recycling coefficient is 1

even with gas puffing, is likely be achieved in the helium gas puff discharge in LHD. Using

26



this, one can simulate the perfect-recycling plasmas where the wall pumping is no longer

effective.

References

[1]J. Miyazawa et al., J. Nucl. Mater. 313-316, 534 (2003).
[2] H. Suzuki et al., J. Nucl. Mater. 313 - 316, 297 (2003).
[3] S. Masuzaki et al., Nucl. Fusion 42, 750 (2002).

[4] K. Tanaka et al., Rev. Sci. Instrum. 72, 1089 (2001).

[5] K. Narihara et al., Phys. Rev. Lett. 87, 135002 (2001).
[6] S. Morita et al., Nucl. Fusion 42, 1179 (2002).

[7] M. Osakabe et al., Rev. Sci. Instrum. 72, 590 (2001).
[8] H.F. Dylla et al., J. Nucl. Mater. 111&112, 211 (1982).
[9] K. Yamada et al., Nucl. Fusion 27, 1203 (1987).

[10] Y. Xu et al., Nucl. Fusion 42, 601 (2002).

[11] M. Sakamoto et al., J. Nucl. Mater. 313 - 316, 522 (2003).

27




Fast Ion Gauge (p:)

Fast lon Gauge (p;)

Fig. 2.3.1. Schematic view of the inserted piezo-valve and its location in LHD. Toroidal

positions of typical measurements are also shown.
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Fig. 2.3.2. Typical waveforms of the hydrogen gas puff discharge (#39931), where R.x = 3.5
m, By = 2.854 T, and NB port-through power is 7 MW. (a) Time evolutions of ne, dN,/dt and
Dusr. (b) Time evolutions of ;e, and the neutral particle pressure measured at different
toroidal position (py and p;). (c) Comparison between Iiiv, Pup, the neutral particle flux
estimated from the time derivative of p;, and @y Note that the unit of I3y (1023 s'l) is a

hundred times larger than that of @yg (10%! s™).
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Fig. 2.3.4. Density dependence of (a) Pyg, '(b)' po, (©) I, (d) Raiv, and (e) the normalized
recycling flux, (Raiv 3iv) / Ne. Open squares are the data between the gas puff pulses (denoted
as ‘w/o gas puff’), where the NB port-through power is fixed to 7 MW. Open circles and
closed circles are the data during gas puffing, where the NB port-through power is fixed to 7
MW and 6 MW, respectively.

31



O w/ gas puff (TMW) O w/ gas puff (TMW)
® w/ gas puff (6BMW) ® w/ gas puff (6MW)
04 L B B R 04 T 7 . T
(a) (b)
03+ 03 i
&= =
2 02f 3° 02r -
0.1} 01 LT i
o ! 1 1 i 1 O 1 n 1
0 1 2 3 4 0 100 200 300
n_ (10" m) R, T, )N (s7)

Fig. 2.3.5. The effective fueling efficiency, ¢, as a function of (a) ne or (b) the normalized
recycling flux, (Rgiv £div) / Ne.

32



#38408

8 1 e 2000 2
~ @ 7 <h |
% 6 41500 &
E I q)puff { T e
I S 110008
(@] i
~, 2 500 =
le® L ] o,

0| 0 o

4
2 2 )
al =
= 200 1
0
15
4 9-.._]
2 3 <’3
(e '2 OB
4 m.
_1 V_\
0
500
400 £
i |
. 1300 &
° 200 >
A (o]
1100 &
1 1 1 1 1 0 S
09 10 11 12 13 14 15 16

time (s)

Fig. 2.3.6. Time evolutions of typical parameters in the helium gas puff discharge, where Rax
= 3.6 m, By = 2.8 T, and the NB port-through power is 6.5 MW. Hatched region denotes the
gas puff phase.

33




© H_ gas puff (7TMW) o H_ gas puff (TMW)
2 2
® H , 9as puff (6MW)

L H2 gas puff (6MW)

1.2 : 12
—=—He gas puff (6.5MW) ]

1.0

0.8

0zeff
0teff

0.6
04

0.2

0l— - - - 0.0 —
0 100 200 300 400 06 07 08 09 10 1.1

Ry, T,) /N (™) R v

div I-‘div

Fig. 2.3.7. The effective fueling efficiency a.q as a function of (a) the normalized recycling
flux, (Raiv Taiv) / Ne or (b) the recycling coefficient Rgiv. Open and closed circles are the same
data as shown in Fig. 2.3.5. Open triangles denote the helium gas puff data from the hatched
region in Fig. 2.3.6 (#38408). Arrows indicate the direction of the time evolution in #38408.

34




—n, a8 —dN fat

=196s  |____.
@) #39931 (l Opur

..... < ] 1500

\

e, / § prehe . s, %
~ 4PN {1000°5
EY .
© : P g
S 2 i \; ; {500 n’g
c H 1 Y

q § g mf

2 t=o0875s |.__. °
®) 5 #3877 1 L
LB T X\n ''''' ]

\

N o
2 e \ +{ 1000 “’g
; \ k
,g.,, 1 § 500 :.g
c \ ®

\ |z

\ _____________________ <

’ N °

oy
[¢]
~—

1 . T . : T 0.4

#39931 102
i oot O

(102 s?)

o
1-0.2

e

{-0.4

d°N /dt?

4{-0.6

Fig. 2.3.8. Typical waveforms of (a) the direct gas puff discharge (#39931), where R.x = 3.5 m,
By = 2.854 T, and NB port-through power is 7 MW, (b) the ordinary gas puff discharge
(#38177), where R.x = 3.6 m, By = 2.893 T, and NB port-through power is 5 MW. (c) d*NJd?
in #39931 and #38177 plotted with the offset time axis, ¢ — #, where #, = 1.98 s for #39931
and #, = 0.875 s for #38177. Hatched regions in (a) and (b) correspond to the time window

shown in (c).

35




2.4. Summary

The fueling efficiency of the hydrogen gas puffing has been estimated for the NB heated
plasmas in LHD. A particle balance model was introduced together with the criteria to
examine the applicability of the model. Five discharges were chosen from the series of density
ramp up experiment, to apply the model. The latter phase of the discharges satisfied the
criteria, whereas the ramp up phase was not adequate to estimate the fueling efficiency. The
fueling efficiency of 0.12 has been obtained from the data ensemble at the latter phase of the
five discharges. It was also suggested that this fueling efficiency of about 10 % is not
sensitive tb the NB heating power or the existence of the magnetic island.

The gas puff experiments using the piezo-valve inserted inside the LHD have been
carried out. High effective fueling efficiency of up to 50 % was obtained in the hydrogen gas
puff discharges. From the pressure rise localized around the gas puff port, the ionization
efficiency was estimated as more than 90 %. The recycling coefficient and the recycling flux
were also estimated. The recycling coefficient decreases during the gas puff phase, while it is
about 1 in the phase w/o gas puffing. On the other hand, the recycling flux increases during
the gas puff phase. It was shown that the high effective fueling efficiency obtained in the
hydrogen gas puff discharges could be explained by the enhancement of the recycling flux
normalized by the electron density. At thek low recycling flux regime, the effective fueling
efficiency decreases to ~ 10 %.

In the helium gas puff discharges, the effective fueling efficiency is higher than the
hydrogen cases. The effective fueling efficiency increases with the normalized recycling flux
in the early phase of gas puff pulse. At the regime where the recycling coefficient is larger
than 0.95, the effective fueling efficiency begins to increase to 1, being irrelevant to the
rec‘ycling flux. This is what expected from the total particle balance. Namely, if there is no
particle sink and the perfect recycling condition is achieved, the plasma density increases
exactly with the particle influx.

As has been shown, gas puffing has a strong influence on the plasma edge
parameters and especially affects the recycling phenomena. On the other hand, however, the
direct fueling into the plasma core is not achievable by the gas puffing. Therefore, other
fueling method that can realize the center fueling is needed. In tokamaks, ice-pellet injection
from the high-field side is a likely candidate. In helical plasmas, however, the magnetic field
strength has a three-dimensional profile and the same scenario cannot be simply realized. One

of the possible scenarios is the compact toroid (CT) injection, where a dense magnetized
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plasmoid is electro-magnetically accelerated to several hundreds of km/s and injected to the
target plasmas. Reserch and development of the CT injector for LHD is also a theme of this
thesis and described in chapter 4. | |
Although gas puffing is not capable of the center fueling, it is still a powerful method
for investigation of the plasma physics and even has a possibility to trigger the confinement
improvement. Making use of the flexibility of gas puffing that the working gas can be
changed from hydrogen to others, such as helium, methane, and neon, we have performed
many experiments in LHD. Example of the helium gas puff discharge, where higher recycling
coefficient compared with hydrogen cases is obtained, was already shown in this chapter. In
the next chapter, other results from methane or neon gas puff experiments will be presented.
These are the good examples that show the flexibility and the importance of gas puffing in the

plasma experiments.
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Chapter 3 Exploration for the Confinement
Improvement by High-Z Gas Puffing

One of the merits of gas puffing is the flexibility in the selection of the working gas. High-Z
(often called as “impurity”) gas puffing has been utilized to change the plasma property. In
tokamaks, a number of impurity induced confinement improvement has been reported, i.e.
Z;mode in ISX-B, RI-mode in TEXTOR-94, TFTR, and DIII-D, where a small amount of
noble gas was injected to the hydrogen or deuterium plasmas. On the -other hand, the
confinement property of LHD plasmas shows the gyro-Bohm nature, where the energy
confinement time inversely depends on the ion gyro-radius (see Appendix). In this chapter,
two examples of the exploration for the plasma confinement improvement by impurity gas
puffing are discussed. Favorable aftereffects, such as the metal impurity reduction and the
confinement improvement, caused by the methane gas puff discharges are presented in section
3.1. The global electron energy confinement in the neon gas puff discharges is analyzed in

section 3.2.

3.1. Favorable aftereffects of the methane discharge

observed in LHD pellet shot

The methane mixed hydrogen gas puff experiment has been carried out on LHD, to test the
possibility of impurity control and the feasibility of real time carbonization (RTC). Although
the methane mixed discharges itself did not show clear differences corhpared with the
hydrogen gas puff shots, only four discharges introducing ~ 20 Pa'm’ of methane (consisting
of about 5 x 10*! of carbon atoms) caused the reduction of metal impurity emission, together
with the increased confinement in the shot fueled by hydrogen ice-pellets. In this chapter, the
effect of methane discharges on the confinement property is investigated; especially we

perform the transport analysis of pellet shots before and after methane discharges.

3.1.1. Methane gas puff experiment

Results of experiments to test the feasibility of RTC are demonstrated in Fig. 3.1.1, where the
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maximum plasma stored energy, (Wp)max, Which is derived from diamagnetic signals, the level

EXP 1SS95 _
to w0, Fisses (5

1SS95

of CIII emission, the radiation loss, P4, and the ratio of 7
X/ TEISS% ; TEEXP is the experimental energy confinement time, and 7 is what expected

from the international stellarator scaling 95 (ISS95) [1]) are shown from top to bottom. The

abscissa is a line-averaged electron density, ne . These discharges were carried out
continuously in a day with typical experimentél parameters fixed; iv.e. the magnetic field
strength on magnetic axis, By ~ 2.85 T, the major radius of magnetic axis, R.x = 3.6 m, and the
averaged minor radius of plasma, a ~ 0.6 m. All of the data points are extracted from neutral
beam (NB) heated discharges of 3.6 — 4.5 MW total heating power, Pnp. Here, Pnp is
estimated from the NB port-through power and the direct heat-load measurement of NB

shine-through power [2], which shows sufficient agreement with the three-dimensional Monte

Carlo simulation [3] in the dense plasmas of ne >2x10°m>. Typical LHD plasma shows a

0

favorable dependence of W}, o< ne%!, as predicted by ISS95 scaling [1]. A deterioration of

the scaling in the high-density regime (;e > 5 x 10" m™) can bee seen in Fig. 3.1.1 (a),
where Fissos also decreases (see Fig. 3.1.1 (d)). Four successive CH4 mixed hydrogen gas puff
discharges were carried out, introducing about 20 Pa-m’ of CHy in total. Data from two of the
four CHy4 discharges are also depicted by open triangles in Fig. 3.1.1, which has slightly
improved Fissos compared with that before the CH4 discharges. In the meanwhile, significant
differences are observed between the pellet shots before and after CHy discharges, where
(Wp)max, the emission of CIII, and Fissos systematically increase, and Prq for higher density
decreases after CHy discharges. Hereinafter, we focus on the differences in the pellet shots

before and after the methane discharges.

3.1.2. Phenomenological differences

Two typical pellet shots before and after CH,4 discharges are compared in Fig. 3.1.2. At the
time ¢ = f, = 1.1 s in the both discharges, W, ;e, Pyg, and the electron temperature 7, are
almost the same. However, the decay time of ne in the pellet shot after CH, discharges
(#23114) is mitigated to about twice of that before CH, discharges (#23046). This directly

results in the larger W, for ¢ > ¢, since the temporal behaviors of T are almost the same. Here

we compare the time slice of #23046 at ¢t = f; = 1.25 s and that of #23114 at¢t=1#"=14s, to

keep ;e in both slices the same. In these time slices, the energy confinement time and Fissos
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in #23114 are larger than that in #23046, since Png, dW,/df (~ 0) and ne are identical. As
shown in Fig. 3.1.2 (b) and (c), the total radiation loss P, and the emission of FeXVI become
smaller after CH, discharges. This suggests the reduction of metal impurity, which is expected
as the real time carbonization (RTC) effect. Metal impurity reduction is also seen in the soft
X-ray spectra as shown in Fig. 3.1.3, where the K, lines of Ti, Cr, and Fe are significantly
reduced in #23114.

To see the difference between these two shots more precisely, radial profiles of the
electron density, ne(p), the electron temperature, 7e(p), and the radiation loss power density,
Prad(p), are compared in Fig. 3.1.4 (p = r/a is the normalized minor radius). The radial profiles
att=typand r = t; of #23046 and those at r = #y and ¢ = ¢,” of #23114 are chosen to compare the
change in T, and p,,4 profiles, while keeping the similar n, profile. As seen in Fig. 3.1.4 (a), n.
profile of #23114 has a hump at the plasma boundary of p > 0.8, indicating relatively
enhanced recycling after CH4 discharges. There also are other indications of the enhanced
recycling in the divertor flux and the neutral pressure, i.e. both of them increased significantly
after CH, discharges. However, the n, profiles inside the plasma (p < 0.7) are almost identical.
This suggests that the particle source from the enhanced recycling is negligible in the core
region. As for the T, profiles (Fig. 3.1.4 (b)), there is a significant difference between #23046
(t = 1) and #23114 (¢ = ¢,”). After CH4 discharges, the central electron temperature increases
up to 120% of that before CH, discharges. Metal impurity reduction is recognized again in the
Drad profiles shown in Fig. 3.1.4 (c), where the hump observed at p ~ 0.6 in #23046
disappears in #23114.

3.1.3. Particle transport analysis

Particle transport analysis is carried out using the n. profile such as shown in Fig. 3.1.4 (a).
Here, the particle diffusion coefficient, D, and the convection velocity, V, are directly
estimated from the temporal behavior of n. profile [4]. The particle balance equation is given

as below;

M _ y.res=-19,rs. | @3.L.1)
ot ror

where S is the particle source rate, I"is the particle flux defined by;
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r=—D9l’z+Vne. (3.1.2)
ar

Integrating Eq. (3.1.1) with r, I{r) is expressed as;

I"(r):%].r(S—— aa”: )dr . (3.13)

0

It is straightforward from Eq. (3.1.2) that a linear regression y = Ax + B of a scatter plot with x
= (dne/dr) / neand y = I'/ n. at a fixed position p gives D(p) as -A and V(p) as B. An example
of the scatter plot is shown in Fig. 3.1.5. Using this method, the radial profiles of D (Fig. 3.1.6
(a)) and V (Fig. 3.1.6 (b)) are obtained. Number of time points used for the fitting is 16 (31)
for #23046 (#23114). Note that the analysis is carried out in the region of p = 0.25 — 0.65
assuming S = 0. Since the particle source from the recycling is localized in the plasma edge (p
> 0.65), and the particle source from NBI is less than 10" m>s" while the typical order of
-dn/dt in this region is around 10°° ms!, the assumption of S = 0 is acceptable. It can be
concluded from Figs. 3.1.6 (a) and (b) that the value of D is reduced to 35 — 45 % after CH,4

discharges, while V is almost unchanged and nearly zero in the core region of p <0.5.

3.1.4. Thermal transport analysis

The effective thermal transport coefficient, fe.s, is directly derived from the energy balance

equation;

InT) 19

3 A7)
ot ror

rﬁznxeﬁ%—STF)“Prad"'PNB, ' (3.14)

where prg and png are the radiation loss power density and the total heating power density of
NBI, respectively. Note that we assumed n = n. = mn;, T= T, = T;, and I"= I; = I;. Using
profiles at 1 = 1.2 — 1.25 s of #23046 and that at # = 1.3 — 1.4 s of #23114, y.¢ profiles are
estimated and shown in Fig. 3.1.6 (c). Here the particle flux I"is calculated using the result
obtained in the former subsection, and png is calculated by the three-dimensional Monte Carlo
simulation [3]. In Fig. 3.1.6 (c), thin solid and broken lines denote the ¢ estimated without
the convection term of -5T7 Even taking into account the large contribution of the

convection term in #23046, the . is still smaller in #23114. Although the profile of prq
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significantly differs in these two shots as seen in Fig. 3.1.4, this is not influential because png
is about ten times larger than pr4. The difference of J.i between the two shots mainly comes

from the large difference in nd7/dr profile.
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3.2. Global electron energy confinement of neon plasmas

Neon gas puff experiment has been performed on LHD, to investigate the effect of electric
charge and mass of plasma ions on the energy confinement property. Here, we focus on the
global energy confinement of electrons in the plasmas heated by the neutral beam (NB)
injection. The major radius of the magnetic axis, R, and the plasma minor radius, a, are fixed
to 3.6 m and 0.62 m, respectively. Meanwhile, the magnetic field strength at the plasma center,
By, is changed from 1.5 T t0 2.893 T.

3.2.1. Neon gas puff experiment

Comparison between the neon discharge and the hydrogen discharge at the similar electron
density is shown in Fig. 3.2.1, where the hydrogen plasma is created without gas puffing and
the recycled hydrogen atoms are thought to increase the density. The NB shine-through power

is reduced in the neon plasmas due to its large ionization rate between the NB particles and

neon atoms, at the similar 7. (see Figs. 3.2.1 (a) and (b)). Both of the electron (7¢) and the
ion temperature (Tj) at the plasma center are higher in the neon plasma (Figs. 3.2.1 (c) and
(d)). The plasma-stored energy estimated from the diamagnetic signal, W, g, is larger in the
neon plasma, while the electron-stored energy, W, yin, estimated from the radial profiles of the
electron temperature and the electron density, is identical (Fig. 3.2.1 (e)). The radiation loss
power, P4, in the neon plasma is larger than that of the hydrogen plasma (Fig. 3.2.1 (f)).
Furthermore, the beam driven current is larger in the neon plasma (not shown).

The favorable points in the neon plasmas are then summarized as: larger W, g,
higher Te and/or Tio. However, one should note that W, _4ia possibly overestimates the plasma
stored energy due to the high-energy beam component, especially in the low-density plasmas.
To avoid this, it is necessary to estimate the ion-stored energy, W; in, from the radial profiles
of the ion temperature and the ion density, which have not measured in LHD to date.
Therefore, we mainly discuss the global energy confinement of the electrons based on the
Wk kin, in this study. Since the electron heating by high-energy beam ions is dominant in LHD,
it is especially important to understand the energy confinement of electrons.

The relation between T (Tj) and the volume averaged electron density, <ne>, is
plotted in Fig. 3.2.2 (a) (Fig. 3.2.2 (b)). Only the hydrogen (or the neon) gas is puffed into
plasmas denoted as ‘hydrogen’ (or, ‘neon’) plasmas. Shown in the figure are the data
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extracted from the high (By = 2.8 T) and the low (Bo = 1.5 T) magnetic field experiments. The
highest T is obtained in the neon plasmas, although the difference from the hydrogen data is
not remarkable. As for the Tj, which is plotted in Fig. 3.2.2 (b), there is a significant
difference between the hydrogen plasmas and the neon plasmas; i.e. Tjy of the neon plasmas is
more than 1.5 times higher than that of the hydrogen plasmas, in the high By case. In Fig.
3.2.2 (c), drawn is the <no> dependence of the electron-stored energy, W. win, Which is
estimated from the profiles of T.(p) and n.(p), where p = r/a is the normalized radius. The
energy confinement time of the helical plasmas usually exhibits the positive dependence on
density as summarized in the international stellarator scaling 95 (ISS95) [1]. In the
experiment, the positive density dependence of Wy, can be recognized only in the
low-density regime of <n> < 2 x 10 m™ (see Fig. 3.2.2 (c)). This ‘saturation’ of the global
confinement in the high-density regime is not fully understood at this moment. In this study,
however, our interest lies in the difference between the hydrogen plasmas and the neon
plasmas. Therefore, we restrict the density range as <ne> < 2 X 10 m™ in the analysis below,

to eliminate the saturated data.

3.2.2. Electron hedting power of the neutral beam

To discuss the electron- and the ion- energy confinement individually, it is necessary to
estimate the electron / ion heating power of the NB. The equations below are used to estimate

the ratio of the ion heating power, R;;

E NB/Epe  dt
R =—t ——  (t=E./E..), 3.2.1
1 ENB f .1+t3/2 ( b bc) ( )
2 37223
Ebc=14.8Te(—l—ZM—J . (3.2.2)
ne i Al

In Fig. 3.2.3, depicted is Exp / Epc vs R;. Distributions of Py and Png . are shown in Fig.
3.2.4. In LHD, negative-ion based NB injection systems are adopted and Eng is much larger
than T, (typically, Exg > 150 keV). This results in the large fraction of the electron heating
power, Pxp_e, of about 0.8 Pyp. Here, ‘pure’ plasmas are assumed for both of the hydrogen
(Zer = 1) and the neon (Zer = 10), to give Png e. ’fhe errors due to this assumption will be
discussed later in this subsection. As seen in Fig. 3.2.2 (a) and (b), Tip < T is observed in the
low-density hydrogen plasmas, and therefore the heat transfer from the electrons to the ions,
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P, which is also plotted in Fig. 3.2.4 (b), should be considered carefully. Since we have no
information about the ion temperature profile to date, T; (0) = T. (p) X (Tio / Teo) is assumed to
estimate P in Fig. 3.2.4 (b). The maximum P; reaches to 1 MW at <n> <2 X 10 m™ and is
not small enough to be neglected. Hereinafter, we eliminate the data that has Pe; / Png > 0.1,
and neglect P,; to reduce its influence.

In this study, ‘pure’ plasmas are assumed for both of the hydrogen and the neon
plasmas. To investigate the error in Pnp . due to this assumption, we recalculate it with the
impurity contamination. According to the experimental fact that the dominant impurities in
LHD plasmas are the carbon and the oxygen, we assume that the impurity of Z/ 4 =7/15
with the density of 5 x 10" m? is contaminating to the hydrogen plasmas (Z (4) is the charge
(mass) of the impurity ions). As for the neon plasmas, 0.7 <no> of hydrogen atoms are
considered as the impurity and therefore Z.s is fixed to 3.7. Under these assumptions, the
power dependence of the collisionality v* in the hydrogen and the neon plasmas becomes
similar, while it is not in the ‘pure’ plasmas (Fig. 3.2.5 (a)). Comparison of Png . with or w/o
taking into account the impurity contamination is shown in Fig. 3.2.5 (b). In the hydrogen
plasmas, Pxp . increases due to the impurity contamination, while it decreases in the neon
plasmas. However, the errors due to the impurity contamination are less than 10 %.

The relation between T and the electron heating power per an electron, Png . / <ne>,
is plotted in Fig. 3.2.6. In the range of Pnp o / <ne> <5 MW / 10" m'3, Teo increases with
Pxg ¢ / <ne>, and any particular differences between the hydrogen and the neon plasmas can
be récognized. The maximum T, obtained in the neon plasmas can be atiributed to the
increased heating power due to the small fraction of the NB shine-through power at the
low-density regime. Above Png o / <ne> > 5 MW / 10" m'3, however, T gradually decreases.
These data are taken from the low-density discharges, where the estimation of Png and/or
Png e possibly has a systematic error. Hereinafter, we adopt one more criterion to eliminate

the low-density data; i.e. Pnp ¢/ <#e> <5 MW/ 10 m™.

3.2.3. Global electron energy confinement

Next, we compare the global energy confinement of the electrons in the hydrogen and the
neon plasmas. The non-dimensional regression analysis of the experimental electron energy
confinement time, % ¢~ (= W kin / Pnp ¢) is examined. In the non-dimensional form, 7

can be expressed as
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B ™ 02, o< By ™ o< (X)) (V) ()", (3.2.1)

where (2, is the electron gyro frequency, p.* = p. / a is the normalized electron gyro radius,
V¥ is the collisionality, and £ is the normalized electron pressure [2]. For the hydrogen data,
however, the linear correlation coefficients of each components are 0.89, 0.35 and 0.54 for
pe*, v*, and B, respectively. Here, we neglect the dependence on v* and S, since these are

not strongly correlating with 7; .. Regression analysis with p.* alone gives;
BO TE—eeXp (H) =357 % 10-13 (pe*)-2.74i0.07. (322)

As for the neon data, the linear correlation coefficients for each components are 0.91, 0.49
and 0.27 for p.*, v*, and £, respectively. Again, v* and S, are not strongly correlating with

T e 7. Regression analysis with p.* alone results in
By 7 ™ (Ne) = 1.15 x 1072 (p,*) 261200, (3.2.3)

In both of the hydrogen and the neon plasmas, By % ¢~ is strongly related to p.* and the
exponents are identical within the standard deviations. These relations are plotted in Fig. 3.2.7
(a). This suggests that both plasmas have similar parameter dependence of the global electron
energy confinement. The difference in the coefficients between Eqgs. (3.2.2) and (3.2.3) is
possibly due to the small p.* of ~ 10* (note that even the small difference of 0.1 in the
exponents causes an error of factor 2.5 in the coefficients). To compare the coefficients more

accurately, we assume a model equation with the exponent of - 2.7;
T o Q, oc By 7 o e (p*)2. (3.2.4)

In the gyro-Bohm model, where micro-turbulences are considered as the cause of the
anomalous energy transport [3, 4], the exponent of - 3 is assumed, while it is - 2 in the Bohm
model, for example (see Appendix, and note that p;* is used instead of p.*, in these models).

Equation (4) can be rewritten using the conventional terms as below;
TE_eﬁt — C() 0230R 0.574 BO 0.723 PNB—e—0.574 <ne> 0.574’ (3.2.5)

where C) is the fitting parameter, and the units of each terms are; m, m, T, MW, and 10" m'3,
for a, R, By, Png e, and <ne>, respectively. The exponents are determined using the relations in
the Appendix (see Table A.1). Fitting the data with Eq. (3.2.5), the distributions of 7 * in
the plasmas with different ion species can be compared. Using hydrogen dataset, Co =

0.060+0.007 is obtained, while Co = 0.05610.004 is obtained with the neon dataset. In both
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cases, Cy is identical within the standard deviations. Assuming Cy = 0.06, 7 " and TE_eﬁt are
compared in Fig. 3.2.7 (b). As is seen in the figure, TE_eﬁt well reproduces % ~F, and its

absolute value is similar in both of the hydrogen and the neon plasmas.

3.2.4. Discussion

The results obtained here are contrastive to the Z-mode [5] and the RI-mode [6 - 8] in
tokamaks, where a reduction of the electron thermal diffusivity induced by the impurity
(including the neon) gas puff has been observed. In LHD, where the high-energy neutral beam
injection is the main heating method and therefore the electron heating is dominant, the
electron energy confinement is important to study the whole plasma confinement. In the
fusion reactor plasmas, where o particles are the energy source, the electron heating also
dominates. The result of this study shows that the global electron energy confinement is not
depending on the ion species, or the ion gyro radius. Instead, the electron energy confinement
time shows a strong dependence on the electron gyro radius. In the gyro-Bohm model, the
turbulence that drives the anomalous transport has a scale length of the order of the ion gyro
radius [9 - 12]. On the analogy of this, our result suggests that the scale length of the
turbulence in LHD plasmas will have the order of the electron gyro radius.
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Fig. 3.2.1. Comparison between the neon discharge (solid lines) and the hydrogen discharge

port_through

(broken lines). From top to bottom, shown are (a) NB port-through power, Png , and

NB deposition power, PnpP*Y the line-averaged electron density, He, (c) the electron
temperature at the plasma center, T, (d) the ion temperature at the plasma center, T, (¢) the
plasma stored energy estimated from diamagnetic signals, W, g, and the electron stored
energy estimated from the profiles of electron temperature and density, W, in, and (f) the

radiation loss, Prag.

53



0 Hydrogen 28T ® Neon 28T
5 7 Hydrogen 1.5T © Neon 15T
v T T NN ﬁ
(@ AN
a4l i
S 3
<
o 2}
1 L
P
0 '
(b)
4 F
S 37
2 _
= 2t
1 -
0 PNB>4 \
(c)
300 f
2
§ 200 r
=
100 |

o 1 2 3 4 5 6
<n_> (10"°m?)

Fig. 3.2.2. Distributions of (a) e, (b) T, and (c) We iin.

54



E JE

NB bc

Fig. 3.2.3. The fraction of the beam energy (Exg) to the critical energy (Ey.) vs the ratio of the

ion heating power, R;.

o Hydrogen 28T
Y L ES
. 7 i rogen 1.5Th . - ° Nem 15T
BN B R BN
8 / / 7 /
;,//f“'/ 7 i / : f’f)
—~ | i 2z é,;f / o~ % / A
2 6 T, s 6 i e
= L 3 xj_ é 7 L
£ ] o 7
2 s o i -
o 47 ] 0; / o oy v Z /f"!
I 5 . If' f
2 7 {/// /l/f 2r 7 ;/7
I : / &« / I /
6

6o 1 2 3 4 5 0 1 2 3 4 5 6

<n > (10°m™) <n > (10"°m"?)

Fig. 3.2.4. (a) Distribution of Pyp. (b) Distribution of the electron heating power, Pxp_e, and

the heat transfer from electrons to ions, P.;.

55




+ Hydrogen (100 %) X Neon (100 %) (b) O Hydrogen (nu“p= 5x 1017m-3)
® Neon(Z =3.7)

(a) a Hydrogen(nlmp=5x10"m“‘) ® Neon(z =3.7)
1
o
D-Z
S 01 £
él
o
0.01 : - ML
0 2 4 6 8
Pug o/ <n> (MW/10°m™) Pug o/ <> (MW/10"°m™)

Fig. 3.2.5. Error resulted from the impurity contamination. (a) Distribution of the
collisionality, v*, and (b) the comparison between Pyg . and that estimated with the impurity

contamination, Pyp .

o Hydrogen 28T ® Neon 28T
@ Hydrogen 1.5T © Neon 15T

T, (keV)

P

I <n > (MW/10"m™)

NB
Fig. 3.2.6. Dependence of Teo on Py . / <ne>. Plotted are the data that satisfy the two criteria;

<ne><2x10°m™, and Py / Pyg <0.1.

56



— 18  »-2.74
—===By,  (H) =357x10%p

(@) . B,t, , (Ney=1.15x 10" p * 2% (b)
10 = : ]
o Hydrogen 28T
@ Hydrogen 15T .
= ® Neon 28T 10
o« : Neon 15T
.— —_—
S’ m
2 1 g
°, 10 %
o h
l-'o P"J |
(i4] o Hydrogen 2.8 T
2 Hydrogen 15T
® Neon 28T
© Neon 15T
10 i 1072 : !
10 10 1072 10"
* it
P, t, *(s)

Fig. 3.2.7. (a) Dependence of B, % P on po*, and (b) the comparison of 7% " and 7 o,
Plotted are the data that satisfy the three criteria; <ne> < 2 X 10°m™, Py / Png < 0.1, and

Pxp e/ <ne> <5SMW/10°m™,

57




3.3. Summary

Methane gas puff experiment has been carried out on LHD. Although the CH4 discharges
itself showed only slight difference compared with the hydrogen gas puff shots, a significant
improvement was observed in the shots fuelled with hydrogen ice-pellets, following the CH,4
discharges. The intensity of metal impurity emissions in the visible and soft X-ray range, the
total radiation loss, and the hump observed in pmq profile are largely reduced in the pellet
shots after CH, discharges. These phenomena together with the increased 7. at the edge region
are that expected as RTC effect. In addition, the decreasing rate of n. was mitigated in the
pellet shot after CH4 discharges. The transport analysis has revealed 40% reduction in D at p
= 0.5, and feg was also reducede The improvement in the confinement is not due to the

reduction of the radiation loss, but due to the reduction of D and f.s.

Neon gas puff discharges have been successfully performed on LHD. Both of the
electron and the ion temperature at the plasma center are higher in the neon plasmas compared
with the hydrogen plasmas at the same density and NB port-through power. The beam
deposition power is increased in the neon plasmas especially at the low-density regime. The
dependence of the electron temperature on the heating power per electron is similar in both
cases. The non-dimensional analysis also reveals that the global energy confinement in neon
plasmas is similar to that of hydrogen plasmas. In both cases, the global electron energy
confinement strongly depends on the electron gyro-radius. This suggests that the scale length
of the turbulence that drives the anomalous transport is determined by the electron
gyro-radius in LHD, where the electron heating by the high-energy beam ions is dominant as
in the fusion reactor. A new scaling law that can describe the global electron energy
confinement of LHD plasmas is obtained as Eq. (3.2.5) together with the coefficient of Co =
0.06. This equation can be applied to both of the hydrogen and the neon plasmas.

These are the good examples showing that the gas puffing can be a powerful tool due
to its flexibility in the working gas selection. Gas puffing enables the experiments needed to
understand the important plasma physics, such as the recycling and the confinement property,
as has been shown.

There were few operational problems to carry out the impurity gas puff experiments
on LHD. In tokamaks, such an experiment might be more difficult since the current proﬁle
also changes with the Z. profile and the risk of current disruption probably increases.

Although the enhanced radiation tends to terminate the plasma, such a radiative collapse is
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less harmful to the vacuum vessel wall compared with the current disruption, which induces a
large electro-magnetic force on the device structure. The experimental results of this chapter
demonstrate that LHD has a wide permission range, which enables various plasma

experiments.
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Chapter 4 Development of CT Injector for LHD

CT injection is one of the most recent fueling methods, and has a possibility of the direct
fueling into the core of high-temperature fusion plasma. In LHD, CT injection experiment is
scheduled in near future. This chapter describes the theoretical bases of CT injection and the
development of the CT injector for LHD, which is named SPICA (SPheromak Injector using
Conical Accelerator). At first, the background of CT injection experiment in LHD is described
in section 4.1. CT orbit in the LHD magnetic field is calculated in section 4.2. In seétion 4.3,
the point-model is introduced and the design of CT acceleration electrode is given. Machine
overview of SPICA and the experimental results are given in section 4.4. Summary is given in

section 4.5.

4.1. Introduction to the CT injection experiment

4.1.1. Background of the CT injection experiment

Recently, a new type of fueling method, compact toroid (CT) injection, has been proposed [1 -
5]. CT is a dense magnetized plasmoid and can be easily accelerated over hundreds of km/s
by the electro-magnetic force. When a CT is in a magnetic field, magnetic pressure is exerted
on the CT surface and it is pushed out to the weaker magnetic field region due to the magnetic
pressure gradient. A high-speed CT that has a sufficient kinetic energy can penetrate into the
hot main plasma that is confined in the strong magnetic field. Magnetic reconnection is
supposed to take place in the main plasma and then the particle confined in the CT is fueled to
the main plasma. The peaked density profile obtained after the center fueling is favorable
because the density gradient causes the rotation of plasmas. The plasma rotation is considered
to be favorable for the better confinement. The large momentum carried by the high-speed CT
is also useful to rotate the main plasma.

Spheromak is one of the CT configurations where both of the toroidal and the
poloidal magnetic fields are generated and sustained by currents flowing inside the spheromak
itself [6]. This CT is usually formed using a co-axial plasma gun, and accelerated by another
co-axial accelerator connected to the formation electrode [7]. An example of the co-axial
magnetized plasma gun, consisting of two stages of formation and acceleration, is shown in

Fig. 4.1.1. Formation scheme of spheromak-type CT by the co-axial magnetized plasma gun
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is explained in Fig. 4.1.2 [4]. At first, the biasing poloidal (axial direction) magnetic field is
applied on the formation electrode (Fig. 4.1.2 (a)). Next, the working gas is injected and then
the formation bank is triggered to ionize the gas. The radial formation current J flows from
the outer electrode to the inner electrode through the plasma and generates the toroidal
magnetic field B (Fig. 4.1.2 (b)). The plasma is pushed out to the acceleration electrode due to
the J x B force. As the plasma moves from the formation electrode to the acceleration
electrode, the poloidal magnetic field strength becomes smaller. Therefore, the toroidal
current is induced within the plasma to preserve the poloidal magnetic flux (Fig. 4.1.2 (c)).
After the plasma moves away from the formation electrode, the magnetic reconnection takes
place and the plasma becomes to the isolated plasma ring (Fig. 4.1.2 (d)). When the plasma
ring deeply enters to the acceleration electrode, the acceleration bank is triggered and the
radial current accelerates the plasma ring with its J X B force. Finally, the plasma ring is shot
out from the acceleration electrode. Toroidal and poloidal magnetic field in the plasma ring
relaxes to the minimum energy state, which is given by the force-free configuration [8]. A
spherical plasmoid that has the force-free magnetic field profile is called the spheromak.

CT acceleration has been first demonstrated in RACE (Ring ACcelerator
Experiment) project at Lawrence Livermore National Laboratory in USA [9 - 11]. The main
object of the RACE was to establish the CT acceleration technology. An accelerated CT is
compressed by a focusing cone to achieve the high energy density, which has a wide range
application such as an intense X-ray source. Formation part of the RACE is 0.5 m long with
an outer (inner) radius of 0.175 m (0.1 m). RACE is equipped with a 6 m long acceleration
electrode and conically converging electrode for ring focusing. High speed CT of 2,500 km/s
and high CT kinetic energy of 40 kJ (400 km/s and 0.5 mg) were reported from RACE. The
largest CT acceleration device is the MARAUDER operated in US Air Force Phillips
Laboratory [12, 13]. The outer (inner) radius of the formation electrode is 0.5239 m (0.4477
m). |

CT injection into the high temperature plasmas has been examined in small and
medium size tokamaks, such as TdeV [14, 15] and STOR-M [16, 17] in Canada, Caltech’s
ENCORE [18, 19] and TEXT-U [20] in USA, and JFT-2M [4, 21] in Japan. CT fueling on the
tokamak plasma with the toroidal magnetic field strength of up to 1.5 T was demonstrated on
TdeV (R = 0.86 m, @ = 0.27. m, where R and a is the major and the minor radius of the torus,
respectively). Central penetration of the CT was observed at < 1 T toroidal magnetic field.

The fueling efficiency was estimated as more than 50 %. Confinement improvement

associated with the H-mode transition due to the CT injection was also observed. In STOR-M
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(R=0.46 m, a = 0.12 m), tangential CT injection was applied and resulted in the brief drop of
the loop voltage, increase of the plasma beta, and decrease of the H, radiation level. Current
drive by CT injection, based on the idea of the helicity conservation, was demonstrated on
ENCORE (R = 0.38 m, a = 0.12 m). Helicity is a measure of the linked flux and defined as a
product of toroidal and poloidal fluxes. Simple and small (outer electrode is 0.051 m in
diameter) plasma gun without acceleration electrode was adopted in the experiment. Increase
or decrease in the plasma current was observed according to the sign of the helicity.
Experimental results from TEXT-U (R = 1.05 m, a = 0.27 m) have pointed out that the plasma
gun should avoid the linkage with the stray magnetic field. The trapped magnetic flux causes
the drag force on the CT and resultant penetration is shallow. In JFT-2M, CT injection into the
high-performance H-mode plasmas has been carried out. Rapid increase in fhe line-averaged
electron density of 0.2 x 10" m™ was observed and the fueling efficiency was estimated as ~
20 %. Acceleration electrode of the plasma gun is 1 m long with outer and inner radius of
0.055 m and 0.024 m, respectively. CT is compressed to 0.07 m radius in the focus cone at the
end of the acceleration electrode. The maximum CT density of 9 x 10*! m™ and the maximum
CT velocity of 300km/s have been achieved.

In Fig. 4.1.3, compared are the sizes of these CT injectors, where the horizontal axis
indicates the length of the acceleration part and the vertical axis indicates the volume of the
target plasmas. The radius of each circle corresponds to the outer radius of the formation part.
As will be described later, SPICA haé an acceleration electrode of 2.6 m long and a formation
electrode of 0.172 m outer radius. These are the largest among the CT injectors utilized in the
small / medium tokamaks. The plasma volume of LHD (28 m®) is also the largest in the world
as the target of the CT injection experiment.

As for the detailed review of the CT injection experiment, see refs 4 and 5.

4.1.2. CT injection in helical devices

Since the magnetic field structure in a helical device is more complicated than in tokamaks,
the injected CT traces a complicated three-dimensional trajectory. In some cases, a CT that is
vertically injected traces tangential orbit in the main plasma. Such a tangentially moving CT
has a trajectory that is parallel to the equilibrium magnetic field, and causes the main plasma
rotation as a tangential NB injection. In the case of LHD, we are planning to inject a

spheromak weighing 0.1 mg with over 200 km/s of velocity into the main plasma weighing 1
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mg. A large CT momentum may induce the rotation of the main plasma. Tangential injection
of CT is difficult in high magnetic field devices because the CT needs to pass nearby the
magnetic field coils where a strong magnetic field gradient exists. Therefore, the possibility of
momentum injection other than the tangential injection in a helical device is favorable.
Another possible use of CT injection than fueling and momentum injection is the
direct control of the electric field using electrically non-neutral CT. The electric field structure
of the main plasma is thought to have a very important influence on the confinement property
as has been shown in H-mode studies. The direct control of the electric field profile using the
biased electrode has been carried out in many devices [22 - 25]. These biased electrode
experiments have shown efficient improvement in the confinement property although such a
solid electrode cannot be inserted into hot fusion plasma. The non-neutral CT might be
generated using a biased electrode set at the CT injection port. A non-neutral CT with velocity
v and electric charge ¢ injected into the magnetic field B traces a curved trajectory due to
Lorentz force, ¢ v X B. Under some circumstances, the non-neutral CT cannot reach the main
plasma. Three-dimensional orbit of the non-neutral CT ina helical magnetic field will be also

banalyzed in section 4.2.

4.1.3. Design parameters of CT injector for LHD

The standard magnetic flux surfaces in LHD, which are calculated using the
three-dimensional equilibrium code VMEC [26], are shown in Fig. 4.1.4. Two sets of flux
surfaces calculated with low averaged beta (<#> = 2.04 x 10°) and high averaged beta (<S>
= 4.56 x 10) are depicted. As can be seen in the figure, the magnetic surfaces are well
approximated by ovals especially in the low beta case (Fig. 4.1.4 (a)), and this will be used in
some parts of the calculation in section 4.2 for simplicity. |

 The design parameters of CT injector for LHD are summarized in Table 4.1.1. About
0.1 mg of fuel plasmoid, which corresponds to about 10 % of typical LHD plasma particles, is
supposed to be supplied. In section 4.2, it is assumed that CT is a perfect diamagnetic sphere
of radius act = 0.1 m and the electron density of 10?2 m?. The case of hydrogen CT injection
into hydrogen LHD plasma is considered there. The magnetic field in LHD is the standard
configuration with a magnetic field of 1.5 T at the magnetic axis. LHD employs several kinds
of observation and/or NB injection ports, namely, outer (O-) ports, inner (I-) ports, upper (U-)
ports, lower (L-) ports, and tangential (T-) ports. Although one can choose any one of these
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ports to set up the CT injector, T-port and I-port seem to be unfavorable, because the CT orbit
through these ports should pass nearby the helical coils where a strong magnetic field gradient
exists. Therefore, O-port and L-port are chosen for the orbit calculation. Note that L-port and
U-port are the same in a physical sense because of the symmetrical configuration of LHD. As
shown in Fig. 4.1.5, the CT orbit calculation in section 4.2 starts from one of the cross points
of the lattices defined at O-port and L-port. The lattice has 0.1 m intervals, and a CT is

assumed to have an initial velocity vector normal to the lattice.
References

[1] P. B. Parks, Phys. Rev. Lett. 61, 1364 (1988).

[2] L. J. Perkins, S. K. Ho and J. H. Hammer, Nucl. Fusion 28, 1365 (1988).

[3] W. A. Newcomb, Phys. Fluids B 3, 1818 (1991).

[4] T. Uyama and M. Nagata, J. Plasma and Fusion Res. 74, 200 (1998), in Japanese.

[5] K. Thomassen et al., Fusion Tech. 34, 86 (1998).

[6] M. N. Rosenbruth and M. N. Bussac, Nucl. Fusion 19, 489 (1979).

[7] Charles W. Hartman and James H. Hammer, Phys. Rev. Lett. 48, 929 (1982).

[8] J. B. Taylor, Phys. Rev. Lett. 33, 1139 (1974).

[9] J. H. Hammer, C. W. Hartman, J. L. Eddleman, H. S. McLean, Phys. Rev. Letters 61, 2843
(1988).

[10] J. H. Hammer, J. L. Eddleman, C. W. Hartman, H. S. McLean and A. W. Molvik, Phys.
Fluids B 3, 2236 (1991).

[11] J. Eddleman et al., "Final Report on the LLNL Compact Torus Acceleration Project”,
UCRL-ID-120238, Lawrence Livermore National Laboratory (Mar. 1995).

[12] E. L. Ruden et al., Phys. Fluids B 4, 1800 (1992).

[13] J. H. Degnan et al., Phys. Fluids B 5, 2938 (1993).

[14] R. Raman et al., Phys. Rev. Lett. 73, 3101 (1994).

[15] R. Raman et al., paper presented at the 24th EPS Conference on Controlled Fusion and
Plasma Physics, Berchtesgaden, Germany (1997).

[16] C. Xiao et al., IAEA-CN-64/AP1-1, in 16th IAEA Fusion Energy Conference, Montreal,
Canada (1996).

[17] C. Xiao et al., IAEA-CN-77/EXP4/31, in 18th IAEA Fusion Energy Conference,
Sorrento, Italy (2000).

[18] M. R. Brown and P. M. Bellan, Phys. Rev. Lett. 64, 2144 (1990).

64




[19] M. R. Brown and P. M. Bellan, Nucl. Fusion 32, 1125 (1992).

[20]J. Yee and P. M. Bellan, Nucl. Fusion 38, 711 (1998).

[21] T. Ogawa et al., Nucl. Fusion 39, 1911 (1999).

[22] R. J. Taylor, M. L. Brown, B. D. Fried, H. Grote, J. R. Liberati, G. J. Morales and P.
Pribyl, Phys. Rev. Lett. 63, 2365 (1989).

[23] L. G. Askinazi, V. E. Golant, S. V. Lebedev, V. A. Rozhanskij and M. Tendler, Nucl.
Fusion 32, 271 (1992).

[24] E. Y. Wang et al., Nucl. Fusion 35, 467 (1995).

[25] S. Inagaki et al., Jpn. J. Appl. Phys. 36, 3697 (1997).

[26] S. P. Hirshman, W. Van Rij and P. Merkel, Comput. Phys. Commun. 43, 143 (1986).

65




Acciel. bank

Form.bank
A F
Gas valves Biasing coil
E|:|:I Form. Inner-electrode
I I Accel. Inner-electrode
.-;;f i \
Outer-electrode
Insulators
Formation electrode <-{—=> Acceleration electrode

Fig. 4.1.1. Example of the co-axial magnetized plasma gun, consisting of two stages for CT
formation and CT acceleration.
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(c) Magnetized plasma ring is pushed out (d) Isolated plasma ring is formed after the
by the J x B force and magnetic magnetic reconnection.
reconnection takes place.

Fig. 4.1.2. Formation scheme of spheromak-type CT by a co-axial magnetized plasma gun.
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Fig. 4.1.3. Comparison of the CT injectors for fueling. The horizontal (vertical) axis indicates
the length of the acceleration part (the volume of the target plasmas). The radius of each circle

corresponds to the outer radius of the formation part.
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Fig. 4.1.4. Standard magnetic flux surfaces of LHD calculated in (a) low averaged beta
condition (<> = 2.04 x 10”°) and (b) high averaged beta condition (<8> = 4.56 x 107%).
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Fig. 4.1.5. Schematic view of starting grids for CT orbit calculation set at outer port and lower
port. The interval between each grid is 0.1 m, and CT is injected into the main plasma from

one of the cross points in the grids. The initial velocity vector of CT is normal to the starting

grid.

Table 4.1.1. Design parameters of CT injector for LHD.

CT volume, Vr (m?) 1X10°to 5% 107

CT electron density, #. (m'3) 1 X10%! to 2X 10%
CT mass, mcr (Ug) 2to 170

Particle inventory, Nct 110" to 1X10%
CT magnetic field, Ber (T) 1.0to 3.0

CT initial velocity, vy (km/s) 200 to 500

CT maximum kinetic energy (kJ) ~20

CT electron temperature (eV) 10 to 100

Working gas Hs, He, Ne etc.
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4.2. CT orbit calculation

4.2.1. Calculation method

CT trajectories in a helical magnetic field are calculated while changing the initial injection
velocity and the injection point, to determine the optimum conditions for CT injection (CTI)

in LHD. The equation of motion of a CT in a magnetic field is given by
dv
mCTE;=qVXB+FV32’ 4.2.1)

where mcr is the CT mass and q is the electric charge of CT. The second term FV 52 is the

force given by integrating the magnetic pressure Py, = B?/ (21) on the CT surface, and when
the CT diameter is small enough compared to the scale length on which the magnetic pressure

changes, FV 2 is approximated by the gradient of Py, that is,

V.
F_,=|PR,ds=~-LVB?, 4.2.2
vg? J. m 2 Yo ( )

where Vcr is the CT volume.
Some terms are neglected in the equation of motion above. CT moving in the plasma
is thought to radiate its power as Alfvén waves and sound waves [1, 2]. This mechanism

causes a drag force, Fwp, as below;

Fyp =-21lc, acr’ Prap ¥ s (4.2.3)
I= (3) +| 210g, ¥4 —0.37], 4.2.4)
9 9 C,

where I is given by Newcomb [1], va is the Alfvén velocity, ¢ is the sound velocity, and pLup
is the mass density of the LHD plasma. Using typical parameters of LHD plasma and CT (see

Table 4.1.1), Fwp is less than one percent of FVBz . Stokes drag force due to viscous losses

also has a similar order or less [2]. Therefore, these are neglected in this study.
A term that describes the interaction between the LHD magnetic field and the
magnetic moment & of CT is also neglected. Toroidal current flowing inside the spheromak is

the source of 4. Interaction with the LHD magnetic field generates the force Fy, 5 =V(u-B)
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on the CT. While other studies on CT orbit calculation in refs. 2 - 4 deal with this force, we

neglect this for three reasons. First, Fy,p is less than 0.1 XF_ 2. Second, since the CT is

assumed to have a perfect diamagnetic nature, toroidal currents in the CT cannot interact with

the magnetic field outside. And third, even if Fy, , were taken into account, this force,

which can be described as V(uB cosa) using the angle arbetween g and B, would change very
rapidly. Therefore, CT orbit of the 0™ order is not affected by Fy, g - This change in angle o

is due to the torque d*ar/d7 = (ux B) / I,, where I, is the moment of inertia of the CT (= 0.4

"2 is less than a microsecond in

aCszCT), and the characteristic time of tilting, %= (B / Iy,
our case.

In the case of non-neutral CT, one should consider the term gE when the CT is in the
electric field E. This térm is neglected because no electric field in the LHD plasma is
assumed.

The fourth-order Runge-Kutta method is used to solve Eq. (4.2.1). The LHD
magnetic field is calculated using the Bio-Savart law. CT orbit calculation is carried out in the
Cartesian coordinates (x, y, z) as defined in Fig. 4.1.4. It is convenient to convert this into
toroidal coordinates (p, 8, @), where p is the normalized radius, @is the poloidal angle, and ¢
is the toroidal angle. As the first step, flux surfaces are approximated by ovals with no shift of

the magnetic axis (similar to that in low beta equilibrium shown in Fig. 4.1.3 (a)), to reduce

calculation time. In this approximation, p, 6, and ¢, are obtained from x, y, and z as follows:
¢=tan (/x), (4.2.5)
0= tan'(z/r), (4.2.6)

- (r’+2%)"2 427
* ((acos(8+59))*+(bsin(6+59))"* (4.27)

where r = \/x2+ y2 —R,,a=0.46 m, b = 0.88 m, and Ry = 3.75 m is the major radius of the

magnetic axis.

Typical results of CT orbit calculation obtained by integrating Eq. (4.2.1) with
conditions of zero CT electric charge (¢ = 0) and no CT decay (dmct/d¢ = 0) are shown in Fig.
4.2.1. Each of the starting points is located on the grids defined in Fig. 4.1.4. The trajectories
are projected on the R’ — z’ plane or x' — y' plane in Fig. 4.2.1, where x', y', z', and R' are

obtained from p, 6, and @as
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x'=R'cosg, (4.2.8)

y'=R'sing, (4.2.9)
z'=rop sind, and (4.2.10)
R'=rypcosf+ Ry, 4.2.11)

where ry = \/E =0.6362 m is the averaged radius of the last closed flux surface. Note that
five orbits calculated with different initial velocities are depicted in each of the six plots in F1g
4.2.1. The direction of LHD magnetic field B is also shown in each plot. When CT has a
slower initial velocity, its orbit tends to be bent more, reflecting the helical magnetic field
structure of LHD, and it does not reach the plasma center. The starting position of the CT is
one of the most important parameters that determines the orbit as seen from the differences of
the trajectories depicted in Figs. 4.2.1 (1a) and (1b). The electric charge of CT is also a key
parameter as seen from the differences between Figs. 4.2.1 (1a) and (2a). Trajectories of
negatively charged CT shown in Fig. 4.2.1 (2a) are affected by the Lorentz force and bent in
the direction of — v X B. Positively charged CT and negatively charged CT injected from the
same position trace the same trajectory when they have same kinetic energy and the LHD
magnetic field is reversed. The top view of the orbits shown in Fig. 4.2.1 (2a) is depicted in
Fig. 4.2.1 (2b). Orbits of the CT injected from the L-port are shown in Fig. 4.2.1 (3a) and the
top view is shown in Fig. 4.2.1 (3b). Toroidal motion of CT can be seen in Figs. 4.2.1 (2b) and
(3b), even though they are not injected tangentially. Indeed, almost all of the CT orbits in a
helical magnetic field show a similar three-dimensional motion. The exceptional orbit that
shows one-dimensional motion is obtained when the CT is injected from the center of O-port,
for example.

From the viewpoint of applying the CT injector for LHD, one should choose the best
injection point carefully. Otherwise, it is impossible to achieve the central fueling or the
momentum injection. In the next subsection, we compare the differences between orbits that

are injected in different manners, to obtain the optimized injection point.

4.2.2. Optimization of the injection point

Since the first purpose of CT injection is to fuel a dense plasma into the core of LHD plasma,

the most favorable orbit should pass the plasma center. To inject the momentum effectively,
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the orbit should align with the magnetic lines of force. Using such an orbit, one can deposit
the CT momentum in the direction parallel to B. To find out the optimum orbit, two
optimization parameters, Pmin énd Spara, are defined. Here, ppiq is the normalized radius of the
position where the CT orbit is the nearest to the magnetic axis, and Spar. is defined as the

integration of the value v-B/B inside the LHD plasma:

2v-B
Soara = fl T, 4.2.12)
where #; (1) is the time when the CT enters (exits) the LHD plasma. Parameters pmin and Spara

are the functions of the starting point (x, yo, zo) and the initial velocity (vox, Voy, Voz);
Prmin = Prin (X0, Y0, 20, Vox, Voys Voz), (4.2.13)
and
Spara = Spara (X0, Y0, Z0, Voxs Voys Voz)- (4.2.14)

The optimized orbit should simultaneously have small ppi, and large Spar. The evaluation

function f'is defined as
S=(1 - Prin) X 100 + Spara X 50. (4.2.15)

This function combines two different properties of the orbit, and one of the purposes of this
study is to find out the optimum starting point (xo, yo, zo) to obtain the largest f value. The
profiles of Pmin and Spara in the x - z plane for the case of CT injected from the O-port are
depicted in Fig. 4.2.2. In this calculation, some of the parameters are fixed: yp =- 7 m, vox =
voz = 0 m/s, dm/dr = 0 kg/s, and g = 0 C. Five different cases are considered in the calculation
for different initial velocities vy, = 300, 350, 400, 450 and 500 km/s. Then, the results for
these five cases are averaged before the f value calculation to eliminate the initial velocity
dependence. As can be seen in the figure, the area that has small Py, is not necessarily the
same as that with large Spara; Pmin is small at the center, and Spar is large at the periphery. This
means that the CT injected from the periphery of O-port traces an orbit parallel to the LHD
magnetic field, and this effect is also seen in Fig. 4.2.1 (1a) where CT orbits well align with
the flux surfaces. The CT injected from near the center of O-port scarcely traces such an
aligned trajectory and propagates straight toward the magnetic axis (see Fig. 4.2.1 (1b)). If the
purpose of CT injection lies in the center fueling (or the momentum injection), one should

choose the center (or the periphery) of O-port. The optimum injection points that have a large
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S value are shown in Fig. 4.2.3. Depicted in the figure are the profiles of fin the x - z plane for
the case of CT injected from O-port (Fig. 4.2.3 (a)) and that in the x - y plane for the case of
CT injected from L-port (Fig. 4.2.3 (b)).
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CTI from O-port (-0.4m, -7.0m, 0.4m)
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CTI from O-port (0.2m, -7.0m, 0.3m)
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CTI from O-port (-0.4m, -7.0m, 0.4m)
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" (2b)
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Fig. 4.2.1. CT trajectories projected on the normalized planes (R’ — z’ plane: (1a), (1b), (2a)

and (3a); x'— y' plane: (2b) and (3b). Trajectories calculated with different initial velocities are

depicted (250 km/s, open triangles; 300 km/s, open circles; 350 km/s, open squares; 400 km/s,

solid circles; and 500 km/s, solid squares). The starting position and CT charge are denoted

below each figure.
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Fig. 4.2.2. (a) Pmin profile and (b) Spara profile at O-port (see Fig. 4.1.4). In the area enclosed
by broken lines in (a), Omin is less than 0.1. In the area enclosed by solid lines in (b), Spara 1S
larger than 1m. The initial velocity of CT is fixed to 400km/s.
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Fig. 4.2.3. Profiles of the parameter f at (a) O-port and (b) L-port. Inside the area enclosed by
solid lines, fis larger than 90. This is calculated using Eq. (4.2.15), after averaging pmin and
Spara Obtained for five different initial velocities (vo =300, 350, 400, 450 and 500 km/s).
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4.3. Design of the acceleration electrode

4.3.1. Background of the CT injector design

A CT injected into the magnetically confined fusion plasmas suffers from the repelling force
dﬁe to the gradient of magnetic field strength VB [1 - 3]. Therefore, sufficient kinetic energy
that is comparable to the magnetic potential energy Ver B* / (2) (Ver: CT volume) is
necessary to inject the CT deep inside the strong magnetic field. CT kinetic energy of more
than 3.75 kJ should be supplied to inject a spherical CT of 0.1 m radius into 1.5 T magnetic
fields, for instance. The acceleration efficiency € is defined as the ratio of CT kinetic energy
to the bank energy. High efficiency is required to reduce the total cost of a CT injector that
largely depends on the capacitor bank energy. It will be shown here that £ is a function of
L/Ley (where L is the inductance of the co-axial accelerator, Ley; is the external inductance of
the acceleration circuit). Large L and/or small Ly are favorable to attain large £ The ratio
Rou/Rin (Rin: the inner electrode radius, and R, the outer electrode radius) and the electrode
length / determine L. When R,,/R;, and/or / are large, L is also large.

The lifetime of a CT, 7, is one of the important parameters especially in the large
devices like LHD. As the distance from the injection port to the main plasma is long, the
time-of-flight is expected to be long comparable to %r of a usual CT in these large devices.
For the case of dense and low-temperature CT, 7t is determined by the resistive decay as zr
~ ty | (A1), where 77 is the Spitzer resistivity, A is the Taylor eigenvalue (V X B = A B in the
force-free spheromak) and 1/ A = acr/ 4.493 (act: the radius of CT sphere) in the spherical
geometry [4, 5]. Typical electron temperature of a spheromak is a few tenth of eV [6, 7] and
this gives 7 of the order of 10 uQ - m. Accordingly, 7 is 50 psec in the case of act= 0.1 m,
for example. Because ¢ris determined by the CT radius that cannot exceed the main plasma
radius, it is efficient to heat up the CT and increase the electron temperature to extend 7.

The adiabatic compression is an effective method to improve the CT parameters such
as the magnetic field strength, the density and the temperature. To carry out the adiabatic
compression, it is necessary to keep proper relations between the CT compression time Zomp
and other time-constants such as collision time, energy confinement time, and the time of
Alfvén wave transmission across the CT radius, 75 [8 - 11]. For example, 7 « Zomp 1S required
to compress the CT self-similarly without generating shock waves. Although the typical CT

injectors have been equipped with the compression cones after the straight co-axial electrodes,
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the condition 7 « Tomp has not been achieved due to insufficient length of the cones. In this
study, a conical shaped accelerator is proposed to extend Z%omp as long as the CT acceleration
time, Z... Changes in CT parameters, such as the magnetic field strength, the temperature, and
the density, before and after the compression are calculated assuming the adiabatic condition.

As will be discussed, one can obtain the high acceleration efficiency when the ratio
Row/Rin is large enough. Large R,./Ri, means relatively small R;, that results in the
comparatively strong magnetic field around the inner-electrode. If the acceleration current I,c.
is extremely large, the current blows out CT and normal acceleration is hardly achieved.
Experimentally, the threshold to avoid this “blowby” phenomenon is given by Bcr > Bac,
where Bcr is CT magnetic field and B, is the magnetic field generated by I [12 — 14].
Therefore, Bcr, which is mainly determined by the bias magnetic field, should be larger than
Bacc, which is large when Rj, is small. On the other hand, smaller bias magnetic field is
favorable because that requires the less formation current, which should be large enough to
push the current sheet out of the formation electrode, and mitigates the capacitor banks for CT
formation. The minimum CT magnetic field to avoid the blowby phenomenon is derived
through the optimization of the acceleration part.

Nine parameters listed in Table 4.3.1 are used to describe the CT acceleration
electrodes. This acceleration part has conical shape as shown in Fig. 4.3.1. Three parameters
(Rin1, Cace, and E,c) are mainly discussed in this paper while other six parameters are
determined as below. The outer electrode radius at the exit of acceleration part Ry
determines the radius of an injected CT. Small CT is favorable because the perturbation
caused by CT injection should be smaller and localized. In our case, Royz (= 0.07 m) is
determined to be about one tenth of the typical averaged minor radius of LHD. Total amount
of particles N¢r and the CT lifetime %t are related to the size of CT at the entrance of the
acceleration part that is defined as R,y . Although large R, is favorable to increase both of
Ncr and 7ct, extremely large Ry results in an unfavorably large size CT injector. In the
present case, Rout (= 0.17 m) is more than twice larger than Ry, while it allows the use of
standard ICF flange (ICF406). Aspect ratio of CT at the exit of the acceleration part 4, is
determined by Rou» and Ripy as 4> =Ry/a ( ay=(Rour-Rin2)/2, and Ry =Riyy+a» ). Because the
aspect ratio just after the exit of the acceleration part is one, 4, should be as small as possible
to avoid the large modification of CT shape. Therefore, Riy» = 0.02 m is adopted. Note that
extremely small R;p, might not be chosen because the Joule heating by the acceleration current

would melt down the electrode. The external inductance Ley and the circuit resistance R,
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should be as small as possible to maximize the acceleration efficiency £ as will be discussed
in the next section. The length of the acceieration part / should be long enough to have large L
that results in large £ and to realize slow and self-similar compression. Extremely large /
might increase the impurity level contained in a CT and enlarge the size of CT injector, on the
other hand. In this study, / = 3.2 m is adopted. Other cases with /= 0.8 m and / = 1.6 m are
also examined in sections 4.3.3 and 4.3.4. As will be mentioned there, / = 0.8 m is adopted in

our first CT injector named SPICA.

4.3.2. Point-model and acceleration efficiency &

One-dimensional motion of a CT in the acceleration electrode is described by the point-model
introduced by Hammer et al. in ref. 12. Although their model assumes no resistivity in the
acceleration circuit, it agrees well with experimental results. The point model with

consideration of circuit resistivity R, consists of three equations below,

Li=Leg+L, 4.3.1)
2
d Iacg Lt +Rc dIacc +_£2l§_§_=0’ (4.3.2)
dt dt  Cy
o d%x 1 vy 2
mCT "('i"t'z_=5L Iacc _Fdrag9 (4.3.3)

where L= EL'dx (L' = u/(2m) In(Rou(x)/Rin(x)), and 0 < x < /) is the inductance of the

co-axial electrode, L; is the total inductance of the acceleration circuit, I, is the circuit
current, Cy is the capacitance of the acceleration bank, mcr is the CT mass, and Farg 1s the
drag force. In this study, Fgng = 0 is assumed to be negligibly small as in ref. 12. Time
dependence of R. is neglected in Eq. (4.3.2), although it consists of time-dependent
component such as plasma resistivity and electrode resistivity that depends on the CT position
in the electrode. Since the plasma resistivity of the order of 10* Q is negligible in our case,
this approximaﬁon is valid as long as the electrode resistivity (of the order of 10? Q) is
smaller enough than the other circuit resistivity. In a general straight co-axial electrode, the
inner-electrode radius R, and the outer-electrode radius R, are constant and L;= Ley+L'x. In

the case of the conical accelerator, Riy(x) = RiniH(Rino=Rin1)  x/I and Roui(x) = Rout1 H({Rou2-Routt) *

x/l. Using the expressions in Eqs (4.3.1) - (4.3.3), the CT kinetic energy Ecr is given by
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mCT(dx/dt)z/Z and the acceleration bank energy E, is given by CaccVacc2/2, Where Vac; is the
bank voltage.

The fourth-order Runge-Kutta method is used to solve Egs. (4.3.1) - (4.3.3). Figure
4.3.2 shows the calculation results for a straight co-axial electrode with Roy/Rin=2 and /=3.2
m. Three different cases are calculated while changing C, and R,. As seen in the differences
between Fig. 4.3.2 (a) and Fig. 4.3.2 (b), CT obtains less kinetic energy when R, is not zero.
The energy loss due to R; occurs mainly in the current increasing phase (before ¢ ~ 5 psec)
and then Ecr gradually increases. In other words, the transfer of the energy from the
acceleration bank (E,) to the CT (Ecr) occurs mainly after the current peaks. Therefore the
current peak should be obtained before the CT exits the acceleration electrode and smaller
Cicc should be used because the oscillation frequency of this LCR circuit is proportional to
1/Cace'. Note that extremely small C,. results in the large acceleration bank voltage Vac,
which might be not realistic, to obtain the same bank energy as in moderate C, case.
Moreover, too small C, results in the oscillation of the current as shown in Fig. 4.3.2 (c) and
Ecr is not necessarily larger than that obtained with moderate Cy. (as in Fig. 4.3.2 (b)).

The acceleration efficiency € as a function of C,, is calculated using different Values
of R; and FE,, where the other parameters such as Ley and the electrode shape L' are fixed.
The results are shown in Fig. 4.3.3. When R = 0 Q, the maximum of £ (€max) does not depend
on E,... Finite R, reduces €max and the reduction rate is larger when F, is smaller. Although
R. degrades €max, the optimum C, that gives £may is not affected by R.. Coulomb numbers of
the bank O = Cycc Ve calculated for the optimum cases are also constant, and Q ~ 2.4 C in the
case shown in Fig. 4.3.3. These observations mean that once an electrode is designed and
assembled, the acceleration efficiency that can be achieved with the electrode is already
determined, and the optimum C, for each E,.. should be adopted to attain the largest &

It is possible to show that &£, does not depend on E,, but on the ratio of the
electrode inductance to the external inductance. Let us consider a general LCR circuit without

external power supplies. The circuit equation is given by

LY oo (4.3.4)
dt C

Zero-resistivity condition gives the harmonic oscillation with the -eigenfrequency
wy =1/JLC as the solution. When the resistivity is finite, the solution is the damped

oscillation where the amplitude decreases with time as exp(-y#) (¥= R/(2L)). In the present
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case, dL/dt is not zero and the circuit equation is given by

%+M+%=L%+(%+RJI+%=O, 4.3.5)
instead of Eq. (4.3.4). Note that Eq. (4.3.2) is obtained by differentiating Eq. (4.3.5) with z. It
can be seen in Eq. (4.3.5) that dL/d¢ plays the same role as R, and therefore gives the damped
oscillation as the solution even if R = 0. Here let L and dL/d¢ be fixed to evaluate the order of
damping time constant ¥ These are not constant in practical situation since L is the function
of the current sheet position x in the electrode and dL/d¢ depends on the velocity v = dx/dt. .
Using fixed parameters, i.e., L = Lew+ L/2 and dL"/dt = L / %, the approximated damping

time constant }/* for zero-resistivity is given by

« dl'/de . L 1 m 1
y 2L 2L +Lt 24mr,,

‘ext acc acc

(4.3.6)

where m=L/L.y. The energy of the circuit decreases as (exp(- }/*t))2 and the lost energy should
be equal to the CT kinetic energy to fulfill the energy conservation law. Therefore, the

approximated CT kinetic energy Ecr is given by
Ecr = Ego(1-exp(-2 7'1)). (4.3.7)

The ratio of ECT* with £ = 7, to the bank energy E,.. gives the approxima_ted efficiency 8*;

*=ECT
E

acce

&

" ) 4.3.8)

=1——exp(-2y*tacc)=1—exp(—2+m

This function is shown in Fig. 4.3.4 with a solid line. The maximum efficiencies calculated
using the fourth-order Runge-Kutta method with different parameters are also plotted in the
figure. It can be seen that £ approximates &y, well. As seen in Fig. 4.3.4, g, increases with
m. Therefore, large L and/or small L.y, are the indispensable conditions for a high performance

CT injector.

4.3.3. Design of the formation electrode

The adiabatic compression heating using a conical accelerator might be effective to increase

the CT density and/or the CT magnetic field. The adiabatic conditions %e, %i, Ta « Zomp « %,
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%t , should be fulfilled to realize compression heating, where 7. and 7; are electron-electron
and ion-ion collision time, respectively, and 7 is energy confinement time. The relations
between these time constants, which are calculated using typical parameters described in
Table 4.1.1, are depicted in Fig. 4.3.5. Although % is unknown, %.mp should be sufficiently
larger than 7, because Ta « Teomp 15 needed to realize the self-similar compression. The largest
Tomp 1S obtained when the length of the compression cone and that of the acceleration
electrode are the same and Zemp = % s is the case of the conical accelerator. Here let us
calculate the compression parameters assuming the adiabatic condition. Each of parameters of
general toroidal plasma depends on the CT minor radius a and the CT major radius R as listed
in Table 4.3.2. The relations in Table 4.3.2 are obtained assuming the adiabatic condition 7"
n'-B = constant, and B, ~ B,. The increment factors are calculated and shown in Fig. 4.3.6.
The temperature (density) increases more than four (eight) times after the compression when
Rin1 is smaller than the half of R,y (= 0.17 m). The large plasma pressure might cause some
pressure driven instability on the other hand. In the present case, the pressure increases more
than thirty times when Riy < Roy/2. However, the increase in the magnetic field pressure
helps to suppress the increase of plasma beta lower than a factor of three even in that case.
The CT magnetic field Bcr should be larger than the magnetic field B, generated by the
acceleration current, to avoid the blowby. In the case of a conical accelerator, B¢r increases
during acceleration when the compression is effective. The least magnetic field strength at the
entrance of conical accelerator, By, should be determined using the condition that Bcr is
always larger than B, during the acceleration phase.

To optimize the electrode design, C,. is scanned to obtain the largest £ for each Rjy
where / = 3.2 m, Royy = 0.17 m, Roup = 0.07 m, Ry = 0.02 m, and E,.c = 75 kJ are fixed.
Three different cases of (Lext, Rc) = (0.2 pH, 0 Q), (0.5 uH, 0 Q), and (0.5 pH, 0.03 Q) are
calculated and the optimum values of Ca, Vace, and £ are plotted as functions of Ry, in Fig.
4.3.7. The least By; in each casev'are also shown in the figure. The maximum ¢ increases as

Rin decreases, and in this sense, Ry, should be as small as possible. On the other hand, the

optimum V. is large when R;,; is small. One can determine the optimum R;,; using Fig. 4.3.7.

First, the target CT kinetic energy and £ determine the bank energy. In our case, Ecr = 15 kJ
should be achieved and more than 38 % of £ is expected for Ri;; < 0.07 m. Therefore, Eyc =
40 kJ is enough to obtain the target CT. Note that £ is not affected by E, when R; = 0, as
already mentioned in section 4.3.3. Using the fact that the optimum Q = CyecVacc is also
unchanged by E,, the relation E,, ¢ V, is obtained at the optimum condition. Thus Ve
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in Fig. 4.3.7 can be reduced to about half because E,.c = 75 kJ is used to obtain the figure.
When V, is limited to ~ 40 kV, for instance, Ry = 0.07 m can be chosen with F,.. =42.4 kJ,
and the achievable Ecr is 14.5 kJ in that case ( Lex = 0.5 uH and R, = 0.03 Q). One should
note that the maximum ¢ slightly decreases with E,.. when R, is not negligible (see Fig. 4.3.3).
The least By, for Rin; = 0.07 m is 0.62 T in Fig. 4.3.7. This can be also reduced if small E, is
adopted. In the case of E,.. = 42.4 kJ, By, is calculated to be 0.46 T.

Three types of conical accelerator are considered. The difference between them is the
length of the acceleration electrode /. Although the long electrode of / = 3.2 m has the merit of
large efficiency, both of the construction cost and the technological difficulty increase.
Therefore, other two cases with / = 0.8 m and / = 1.6 m are also optimized according to the
process already mentioned above for / = 3.2 m. The optimized parameters are listed in Table
4.3.4. The available voltage for V. is limited to 40 kV or 20 kV in this series of optimization.
The moderate length electrode of / = 1.6 m is still usable since the achievable Ecr is over 7 kJ
which is enough for CT injection into 1.5 T LHD magnetic field. The shortest length electrode
of / = 0.8 m can achieve only 3.4 kJ of Ect in the optimum condition, and it is also difficult to
fulfill the adiabatic condition because of the small Zcc (= %omp)-

Up to this point, the CT mass is fixed to 0.1 mg. Here, let us examine the dependence
of £ on mcr. Scanning mcr for the case of short acceleration electrode of / = 0.8 m, Fig. 4.3.8
is obtained. Two cases with Ve = 20 kV and V,c = 40 kV are calculated using optimized
parameters listed in Table 4.3.4. As can be seen, there is an optimum mcr that maximizes € for
each V.. The CT mass might be controlled by the fuel-gas amount injected into the formation
part. In thé case of V. = 40 kV, the maximum £ of 16.4 % is obtained at mcr= 0.06 mg,
which is slightly larger than that in Table 4.3.4. Larger € and Ecr can be also achieved by

reducing R; and Ley,, or increasing V..
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Fig. 4.3.1. Geometry of the conical accelerator. CT enters from the left-hand-side and exits to

the right-hand-side. CT formation electrode is drawn by broken lines.
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Fig. 4.3.2. Calculated waveforms of CT position x and CT velocity v (top), acceleration
current .. and acceleration voltage V,.. (middle), CT kinetic energy Ecr, circuit energy Eacc
and the total energy Ei« = Ect + Ea;c (bottom). Assumed C,.. and R, are indicated on the top

of each column.
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Fig. 4.3.3. Acceleration efficiency as a function of C,. Straight co-axial electrode geometry
with / = 3.2 m, Row/Rin = 2, mcr = 0.1 mg, Fyrag = O N, v = 5 km/s and Lex; = 0.5 uH are used
in this calculation, where E,.. and R, are scanned as indicated on the top of the figure. The

maximum efficiencies are marked with symbols.
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Fig. 4.3.4. The maximum efficiencies calculated for various parameter sets and the
approximated efficiency € (solid line). Straight co-axial electrode geometry, mcr = 0.1 mg,

Firag = O N, vo = 5 km/s are fixed throughout the optimization.

88



LR S 0 At Mt L e e L . DL e R A

energy confinement timez-E
- BENESENRNNEE -1
?

compression time = oomp

—
0.3m, 300km/s 3m, 300km/s

Aifven time T,

I, 10%w* 0.3, 10%°

jon-ion collision time T,

electron-electron
collision time T
d - —_— . =

[ 10ev, 10%w>  100eV, 10w

L PRI R ul ma ul 1oy

107" 107 10 10 107 10° 10° 10 1078

time (sec)

Fig. 4.3.5. Characteristic time scales of typical CTs and accelerators.
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Fig. 4.3.6. Compression parameters of adiabaticaly compressed toroidal plasmas, where Rou

= 0.17 m, Rowz = 0.07 m and Ri; = 0.02 m are fixed. Adiabatic condition of T-n'** =

constant and B, ~ B, are assumed.
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Fig. 4.3.7. Optimized parameters in three different cases. The optimum C,cc and V. (top), the
acceleration efficiency £ (middle), and the least magnetic field strength at the entrance of the
acceleration part By; (bottom) are shown as functions of Rj,. Assumed R, and Le are
indicated in each plot. The other parameters such as E,.c = 75 kJ, / = 3.2 m, Royy = 0.17 m,
Rouz = 0.07 m, Rip» = 0.02 m, mcr = 0.1 mg, Famg = O N, vo = 1 m/s are fixed throughout this

optimization.

90




0.2 ———r

——20kV

0.15 |

0.05 |

0.01 0.1 1

m.. (mg)

Fig. 4.3.8. The mass dependence of acceleration efficiency &£ of the CT injector with short
acceleration electrode of / = 0.8 m. Two cases with V,.c = 20 kV and V.. = 40 kV are shown.

The optimum parameters listed in Table 4.3.3 are used in the calculation.

Table 4.3.1. Main parameters used to design the acceleration electrode.

Inner radius at the entrance, Ri,; (m) to be optimized.
Outer radius at the entrance, Ry (m) 0.17

Inner radius at the exit, Riy» (m) 0.02

Outer radius at the exit, Royp (m) 0.07

Electrode length, € (m) 32(/1.6/0.8)
Resistance of the circuit, R (€2) <0.03
Capacitance of the bank, Cy. (F) to be optimized.
Stored energy of the bank, E, . (J) to be optimized.
External inductance, Ley; (H) <5%107
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Table 4.3.2. Adiabaticaly compressed parameters as functions of the minor radius

a and the major radius R of toroidal plasma. The adiabatic condition T ‘n

constant and B, ~ B, are assumed.

1-5/3 _

Toroidal magnetic field strength, B,
Poloidal magnetic field strength, B,
Plasma volume, V'

Plasma density, »

Plasma temperature, T’

Plasma pressure, p

Averaged magnetic pressure, oc B

Plasma beta, 8

< a’R?!
a3 R

oc

oc a—10/3 R-5/3

oc a"z(a'2 + R'z)

o gBRS3 ( a2 R-2)-l
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Table 4.3.3. Optimized parameters for different acceleration electrode lengths and voltage limits.

The arrow («—) denotes that the parameter is identical to that in the left column.

£ (m) 0.8 0.8 1.6 1.6 3.2 3.2
Assumed
parameters
Rinl (m) 0.07 — “— — — —
Rou1 (m) 0.17 — — — — —
Riny (m) 0.02 - — — - -
Rour (M) 0.07 — - — - -
L (uH) 0.16 “— 0.32 — 0.64 “—
Lext (WH) 0.5 - - — - .
R, (mQ) 30 — — — — —
mct (mg) 0.1 — — « — “—
v (/5) 1.0 «— — «— — -
Vace (kV) 20 40 20 40 20 40
Optimized
parameters
Eacc (KJ) 11.0 21.9 15.5 31.0 21.2 424
Cacc (UF) 54.8 274 77.5 38.7 106 53.0
Lo (kA) 158 235 175 261 189 282
By (T) 0.25 0.37 0.28 0.41 0.31 0.46
T acc (US) 11.7 8.03 14.7 9.98 19.0 12.8
£ 0.135 0.157 0.207 0.244 0.286 0.342
Ecr (kJ) 1.49 343 3.20 7.56 6.07 14.5
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4.4. Experimental results on SPICA

4.4.1. Apparatus

The CT injector named SPICA (SPheromak Injector using Conical Accelerator) was
successfully assembled on March 1999. Schematic view and the photograph of SPICA are
shown in Fig. 4.4.1. SPICA is a co-axial plasma gun that has two electrically isolated inner
electrodes to enable CT generation and CT acceleration on each electrode, which is called
two-stage acceleration. A conical acceleration electrode is adopted to realize slow
compression of a CT. During the initial experiments, short acceleration electrode of 0.8 m
long was used to demonstrate the CT formation and acceleration. A small sized vacuum
chamber of 0.15 m diameter and 2 m long (Fig. 4.4.2 (a)) was used at the earlier phase of the
initial experiment, and it was then replaced with the larger vacuum chamber of 0.32 m
diameter and 3.6 m long (Fig. 4.4.2 (b)). On Oct. 2001, the reconstruction of SPICA has been
started to extend the acceleration electrode, and finished on Feb. 2002. Schematic of SPICA
after the extension is shown in Fig. 4.4.3. The length of the outer-electrode was extended to
2.6 m. The inner radius of the outer electrode changes from 0.172 m to 0.075 m to compress
the CT during the acceleration. To extend the inner electrode, a conical extension electrode is
welded on the tip. In a part of the two-stage acceleration experiments, a drift tube was
installed inside the large test chamber, as shown in Fig. 4.4.3. The length and the inner-radius
of the drift tube are 1.95 m and 0.08 m, respectively. The influence of the drift tube on CT
transfer was examined in the two-stage acceleration experiments with or without drift tube.

On June 2000, the CT generation bank of 20 kV of the maximum charging voltage
and 40 kJ of the maximum stored energy was installed. The capacitance of this bank is 200 uF,
and the maximum current is 300 kA. The CT accelefation bank of 40 kV — 96 kJ (120 uF of
the capacitance and 400 kA of the maximum current) was also installed on April 2001, to
enable the two-stage acceleration. The capacitance of this bank is similar to the optimum
value of 106 uF, for the acceleration electrode of 3.2 m long with 20 kV charging voltage (see
Table 4.3.3 in section 4.3). Note that although the maximum charging voltage of the
acceleration bank is 40 kV, it is supposed to use the lower (and therefore safer) charging
voltage in the test experiments more frequehtly.

SPICA is equipped with some characteristic parts that cannot be seen on the other CT
injectors, such as the conical electrode, the expansion chamber for strong differential pumping,

and fast piezo-valves for gas injection into the formation part. The expansion chamber is
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necessary to pump out the neutral gas that is not ionized in the injector. The inflow of neutral
gas into the main plasma is not favorable because this makes it difficult to see the fueling
effect only by a CT. SPICA is equipped with a turbo molecular pump of pumping rate 1 m’/s.
Another turbo molecular pump of pumping rate 0.2 m’/s is also equipped on the acceleration -
electrode flange to pump the volume between the two inner-electrodes of formation and
acceleration. The working gas is introduced through the fast piezo-valves, of which the time
for full close to full open (and vice versa) is less than 107 s. Stable flow rate and less
mechanical shocks are the merits of the piezo-valve compared to the solenoid-valve. The
biasing coil, which magnetizes the CT, is set around the CT formation electrode. This coil
consists of copper conductor of 4 mm X 9 mm cross-section that is wound 201 turns. A DC
bank supplies the biasing coil 300 A of DC current at its maximum.

Two Rogowsky coils wound around the insulators of the formation (generation)
electrode and the acceleration electrode are used to measure the discharge currents of Iy, and
L., respectively. Fast Si photo-diodes measure the visible light to trace the CT motion. The

poloidal (axially directed) magnetic field, B,, and/or the toroidal magnetic field, B, are
measured by the inserted magnetic probes. The line-averaged electron density, ne, is

measured by the He-Ne interferometer. The full width at the half maximum (FWHM) of He
is used as the CT length, in this study.

4.4.2. CT formation test in the initial experiment

In the initial experiment of SPICA with a short acceleration electrode of 0.8 m long, the
one-stage operation was adopted. In this operation, CT was generated and accelerated
continuously by the CT generation bank. CT was injected to the test chambers shown in Fig.
4.4.2. Typical waveforms in the initial experiment are shown in Fig. 4.4.4. The electron
density ne measured by a He-Ne laser interferometer reaches to the order of 10%' m™ and its
waveform resembles the magnetic field signal measured at the same location, suggesting that
the high density CT is magnetized. The trajectory measured by magnetic signals at various
locations indicates that the CT has a velocity exceeding 100 km/s. The CT length estimated

from FWHM of 7. signal is about 1 m.
Radial profiles of the CT magnetic field are depicted in Fig. 4.4.5. These profiles

were measured inside the larger vacuum chamber of 0.32 m diameter (Fig. 4.4.5 (a) and (b)),

or the small vacuum chamber of 0.15 m diameter (Fig. 4.4.5 (c)). The magnetic field strength
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increases with the charging voltage of the CT generation bank. The B, profile has a reversal
point, which characterizes the spheromak configuration. In Figs. 4.4.5 (a) and (b), the radial
location of the reversal point is ~ 0.06 m, and this is twice larger than that observed when the
small vacuum chamber was used (see Fig. 4.4.5 (c)). From this observation, the vacuum
chamber seems to be working as a shell that determines the CT size. This is an expected, but
severe problem, since the port of LHD has a large size of order 1 m. Therefore, a drift tube

that can work as a shell is necessary to transfer the CT through the LHD port.

4.4.3. Two-stage acceleration experiment

Two-stage acceleration experiments have been carried out on SPICA. In this section, the
experimental results obtained with the extended acceleration electrode as shown in Fig. 4.4.3

are presented.
4.4.3.1. Control parameters

In the two-stage acceleration experiment, discharges are controlled by five parameters; i.e. the
gas puff pulse length, 7,.s, the biasing coil current, s, the charging voltage of CT generation
bank, Ve, the charging voltage of CT acceleration bank, V., and the trigger delay of the CT
acceleration bank from the CT generation bank trigger timing, Zyelay.

The pre-fill pressure inside the SPICA is controlled by %us. The relation between
Ture and the pressure rise in SPICA without vacuum pumping is shown in Fig. 4.4.6 (a). In
this study, four piezo-valves are used at the CT generation electrode (see Fig. 4.4.3). The
product of the pressure rise and the volume of 0.56 m’, which is the sum of the volumes
inside the SPICA and the large test chamber, gives the total number of hydrogen atoms
supplied by gas puffing, Ny (see Fig. 4.4.6 (b)). In the experiment, Zux of 6.0 ms was
frequently used and then Npugr ~ 7 X 10%°, for instance.

As already mentioned in section 4.4.1, the maximum of L, is 300 A. Corresponding
biasing magnetic field, By, at the center of the coil is 0.142 T. Then, the maximum axial
magnetic flux penetrating the generation inner-electrode of 0.16 m diameter is 11.4 mWb.

Due to the discharge current limitation, the charging voltage of the bank should not
exceed a critical value, which is not necessarily the same as the maximum charging voltage.
The peak value of the discharge currents (Jyen)max and (facc)max Versus Vgen and Ve,

respectively, are plotted in Fig. 4.4.7. The current limit of the CT generation bank (300 kA) is
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reached at Vgen ~ 10 kV. On the other hand, the current limit of 400 kA has not been reached
for the CT acceleration bank. As shown in Fig. 4.4.7 (¢), (Igen)max and (Zacc)max can be fitted by
the power function of (ng)o'88 and (Vace)™”, respectively. Extrapolating this, it is expected

that the current limit of the CT acceleration bank will be reached at V. ~ 30 kV.

4.4.3.2. Bypical waveforms

An example waveform in the two-stage acceleration experiment without the drift tube is
shown in Fig. 4.4.8. In this case, Ve, = 9.5 kV and V,. = 15.2 kV. The discharge currents Iy,
and I, are ~ 300 kA and ~ 250 kA, respectively, as shown in the top of Fig. 4.4.8. The CT
acceleration bank is triggered at 15.9 ps after the CT generation bank. The bias coil current
Ivias 1s 240 A and then the magnetic field strength at the center of the biasing coil Byiss = 0.114
T. The gas puff pulse length 7.+ = 6 ms. The CT position is monitored by the visible light

signals, B,, B, and ;e, which are shown in the bottom of Fig. 4.4.8, with an offset that
corresponds to the axial distance of the measurement position from the gas puff port. The CT
velocity, ver, is determined from the time of flight of the signals th different location.
Basically, we use the edge magnetic signals at the port D and H. The timings where By, at D

and By, at H appear are defined as tngp and tmgn, respectively. Then vcr is determined by

ver = 1.36 / (tw@H - tm@p)s

where 1.36 m is the distance from the port D to the port H. For example, ver = 122.5 km/s is
obtained for the case of Fig. 4.4.8. Note that vcr can be taken as a constant after the CT passes
through D, and even in the test chamber. In the small V.. discharges, however, the magnetic
signal at the port H is small and it is difficult to determine vcr in this way. Therefore, we use
Ze instead of By, at H, in such a case.

Typical CT generated by SPICA has a head component of high magnetic field
strength and short length, followed by a high-density and long tail component. Three
examples of the simultaneously measured magnetic and density signals at the port H are
shown in Fig. 4.4.9. Note that the abscissa is given by (¢ - fm@u) vcr, which has a unit of -
length. The magnetic field strength is large at the leading edge of the CT. The length of this
component is ~ 1 m. The CT density keeps comparatively small level during By, is large. At

where By, sharply decreases, ne increases to its maximum and then gradually decreases. In

this study, the CT length, Lcr, is determined as the product of vcr and the FWHM of Te.

97




Typical order of Lcr is a few meters as can be seen in the figure.

4.4.3.3. Ty scan and Ly,s scan experiments

It is important to know how the CT parameter such as the density changes with the control
parameters. Here, the response of CT density to s is investigated. As for the CT magnetic

field strength, it is shown to be a function of Fys.
The maximum of n. measured at the port H, (;e @H)max, is plotted in Fig. 4.4.10

(2). In this 7, scan experiment, other parameters than uxr and Zelay are fixed; i.e. Vgen = 10.0

kV, Viee = 13.3 kV, and Lyas = 240A (Bpias = 0.114 T). As seen in the figure, ne can be

- controlled by 7. The total number of hydrogen atoms in the CT, Ncr, is estimated from Lcr,

the CT radius at the measured position, and the time-averaged value of ne within the
FWHM. The ratio of Ncr to Ny, which is depicted in Fig. 4.4.10 (b), ranges from 10 to
25 %.

Next, Jyqs is scanned to examine the response of the CT magnetic field strength. The
maximum of the edge poloidal magnetic field strength measured at the port H, (Bpa@H)max, is
plotted in Fig. 4.4.11 (a). In this i;ss scan experiment, other parameters than yias and Zieiay are
fixed; i.e. Vgen = 9.0 — 9.5 KV, Vaee = 15.2 kV, and 7, = 6.0 ms. In spite of the large scatter,
(Bpa@H)max increases with lyi.s. In the same figure, a solid line that denotes By is also shown
for comparison. Due to the compression effect of the conical acceleration electrode of SPICA,
it is expected that (Bpa@H)max becomes larger than By, if the CT compression time, Z%omp, is
slower enough compared to the time of Alfvén wave transmission across the CT radius, 4.
The results shown in Fig. 4.4.11 (a) suggest that this compression mechanism is effectively
working since (Bpa@H)max > Byias is achieved in many cases. Note that the B, at the center of
the CT is larger than that at the edge (see Fig. 4.4.5, for example). The large scatter in Fig.
4.4.11 (a) is mainly resulted from the different 7.1y used in each discharge, as depicted in Fig.
4.4.11 (b). The better 71y that achieves (Bpa@H)max > Bbias is plotted by closed circles. It is
important to precisely adjust Tilay to obtain a large CT magnetic field. In the region of large
Lvias (> 250 A), the operation window of 7Zyay tends to be smaller and therefore the adjustment

becomes more difficult.
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4.4.3.4. V.. scan experiment

The most important control parameter that largely affects the CT performance is Vye. In this
subsection, the results of the V¥, scan experiment are given. According to the results of the
former subsection, other four control parameters are chosen and fixed; i.e. Vgen = 9.0 kV, Jpias
= 180 A (Bpias = 0.085 T), %ur= 6.0 ms, and Zeiay = 15.9 ps.

As mentioned before, vcr is determined from the time-of-flight of the magnetic
and/or the density signals measured at different axial location. The timings of the signal
appearance for different V.. are summarized in Fig. 4.4.12 (a). Other than fngp and fmgu that
are mainly used to determine vcr, the timings where the density signal appears at the port F,
G, and H are also plotted as the@r, he@a, and te@n, respectively. The trigger timing of the CT
acceleration bank, ..o, and the half period of the acceleration current, #,.;, are also shown for
comparison. In the range of V.. < 7 kV, it is difficult to determine #mgn because of the low
signal level. Therefore we use fhegr/ the@c / te@n instead of tmgn, in that range for vcr
estimation. The V. dependence of vcr is shown in Fig. 4.4.12 (b). In the range of Vye. <7 kV,
ver moderately increases with V.. A remarkable increase in ver with Vi is seen in the high
Vace Tegion of Vi > 7 kV. Since Fig. 4.4.12 (b) is a semi-log plot, this suggests that vcr
exponentially increases with V. It should be noted that the threshold Vac = 7 kV is not
resulted from the use of different estimation method, since a similar result is obtained even
using fm@p and fne@n in Ve > 7 kV.

Other than vcr, the CT magnetic field strength and the CT density also depend on
Vacc. As shown in Fig. 4.4.13 (a), By, at the port H begins to increase at Vi > 10 kV, and
finally exceeds the Byi.s. Again, this indicates the compression effect as discussed in the
former subsection. At the port D, which locates at less than the half of the acceleration
electrode and therefore a significant compression effect is not expected, By, tends to saturate
at a value similar to By, in the range of V,.. > 9 kV. As for the density shown in Fig. 4.4.13
(b), it increases in the range of V,.. < 10 kV and then begins to decrease with V,... However,

the compression effect on the CT density cannot be recognized; i.e. there is no significant
difference in ne measured at various axial location. To achieve the density increase by the
compression, the particle confinement time of the CT, 7, should be large enough compared
with Zomp, Which is not the case here. In other words, it is suggested from the result that 7, is
similar‘or less than Zomp ~ 20 ps.

CT kinetic energy, Kcr, is estimated from ver and Ner measured at the port H or H’.

The estimation results are shown in Fig. 4.4.14, where Lcr, Nct, and Kcr are shown. In the
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range of Vye < 9 kV, Lt gradually decreases to 0.7 m. However, with larger V. than 9 kV,
Lct begins to increase and approaches to 10 m. On the other hand, Ncr shows monotonic
increase with V.. up to 14 kV. As has been already shown in Fig. 4.4.12, vcr significantly
increases with V... Resultant K¢ increases rapidly with E,.. and in proportion to the fourth

power of E,..

4.4.3.5. Long distance transfer of the CT |

The critical pass of the CT injection in LHD lies in the long distance transfer of the CT. This
is examined by the use of the large test chamber of 3.6 m long. Under the proper experimental

condition, the magnetic signals can be detected even at the farthest port N. Typical waveform
of such a discharge is shown in Fig. 4.4.15, where |By| = 1/Bp(,2+Bt02 appears at N at the

time predicted by the linear extrapolation of vcr.

Based on the results of the initial experiments discussed in section 4.4.2, a drift tube
is necessary to keep the CT radius as small as the inner radius of the acceleration electrode at
its exit. The influence of the drift tube has been examined in the V,, scan experiment. The
E.cc dependence of |By| at N is shown in Fig. 4.4.16, where the results with or without the drift
tube are plotted. Without the drift tube, the peak value of [By| measured at N, (|Bo/@N)max,
increases at E,.c = 6 — 8 kJ, and saturates to ~ 0.02 T, at the range of E,, > 8 kJ. This behavior
resembles to that of (Bpa@H)max discussed in the former subsection. With the drift tube,
(1Bo|@N)max becomes smaller than that obtained w/o the drift tube, although it continues to
increase within E,c = 15 kJ. This suggests an enhanced decay of the CT magnetic field due to
the existence of the drift tube.

One of the possible reasons for this might be the insufficient wall conditioning of the
drift tube. Although the drift tube was cleaned by means of the electric polishing, the
exposure time of the plasma-facing wall to plasmas remains at most a hundred times to date.
At this moment, however, it can be concluded that the drift tube of 0.16 m diameter is less
effective to sustain the CT magnetic field compared with the test chamber of 0.32 m diameter.
Note that the test chamber is possibly working as a large-diameter drift tube. Therefore, a drift

tube of 0.32 m diameter is better for the CT injection experiment on LHD.
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Fig. 4.4.1. (a) Schematic of SPICA with a short (0.8 m) acceleration electrode and (b) the

photograph. Electrical circuit is identical to that shown in Fig. 4.1.1.
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Fig. 4.4.2. Schematic view of (a) the small test chamber used in the earlier phase of the initial

experiment, and (b) the large test chamber, which has been used mainly in this study.
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Fig. 4.4.3. Scherﬁatic view of SPICA with an extended acceleration electrode. A drift tube is

installed inside the large test chamber (drawn by broken lines).
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Fig. 4.4.4. Waveforms of the line-averaged electron density r_ze, the poloidal magnetic field

strength at the plasma edge B,. (top) and magnetic signals at various axial locations (bottom).
In the bottom figure, each trace is offset vertically by a distance proportional to the axial
location, and the broken line denotes the linear trajectory of a CT with 144km/s velocity.
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Fig. 4.4.5. (a) Radial profiles of B, at different positions in the large test chamber. Discharge
parameters are fixed as; Vien = 10 kV, lyias = 240 A (Bpigs = 0.114 T), and Zug = 2 ms. (b)
Radial profiles of B, in the large test chamber. CTs are generated by different charging
voltages as denoted. These profiles are measured at 0.2 m from the exit of the acceleration
electrode (x = 1.37 m). (c) Radial profiles of B, in the small test chamber of which the inner

radius is 0.075 m.
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Fig. 4.4.6. (a) Pressure rise measured by an ionization gauge, Ap, and (b) the total number of

hydrogen atoms, Npys.
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Fig. 4.4.8. Typical waveforms in the two-stage acceleration experiment with the extended
acceleration electrode. Discharge currents, lye, and I, are shown on the top. In the bottom
figure, CT motion is traced by the visible light signals, the magnetic signals, and the density
signal. Offsets of these signals correspond to the axial location of the measurements. Hatched
region in the bottom figure indicates the region of the acceleration electrode. In this case, the

drift tube was not used.
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Fig. 4.4.9. CT magnetic field and CT density measured at the end of acceleration electrode
(port H). Discharge parameters used are shown on the top of each figure. The abscissa is

given by (7 - tm@n) ver and has a unit of length.
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Fig. 4.4.10. Results of 7, scan experiment. (a) Peak values of the line-averaged electron

density measured at the end of acceleration electrode (port H), (;ze @H)max. (b) The ratio of
total number of hydrogen atoms in the CT, Ncr, to Ny Control parameters other than Zusr
and Tyelay are fixed; i.e. Vgen = 10.0 kV, Vi = 13.3 kV, and Lyiss = 240 A.
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Fig. 4.4.11. Results of I,s scan experiment. (a) Peak values of the edge poloidal magnetic
field strength measured at the end of the acceleration electrode (port H), (Bpa@H)max. Solid
line denotes the magnetic field strength of the biasing coil, Bpias. (b) Zielay used in the scan.
Closed ‘circles in (b) denote the ey that achieves (Bpa@H)max > Bbias. Control parameters

other than Jy;ss and Zieiay are fixed; i.e. Vgen = 9.0 — 9.5kV, Vaee = 15.2kV, and Zugr = 6.0 ms.
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Fig. 4.4.12. Results of V., scan experiment. (a) Timings of the signal appearance, the trigger
timing of the CT acceleration bank, #,.co, and the half period of the acceleration current, fucci.
(b) CT velocity as a function of V,,. Control parameters other than V. are fixed; i.e. Vgen =

9.0 kV, y - 180 A, Touft = 6.0 ms, and Tdelay — 15.9 LLS.
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field measured at the port D or H. (b) Peak values of ne measured at E, F, G, and /.
Analyzed discharges are identical to that in Fig. 4.4.12.
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4.4.12.
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Fig. 4.4.15. Typical waveforms in the two-stage acceleration experiment with the extended
acceleration electrode. Discharge currents, lyen and I, are shown on the top. In the bottom
figure, CT motion is traced by the visible light signals, the magnetic signals, and the density
signal. The offsets of these signals correspond to the axial location of the measurements.
Hatched region in the bottom figure indicates the region of the acceleration electrode. In this

case, the drift tube was not used.
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the discharges with or without the drift tube are shown. Analyzed discharges are identical to
that in Fig. 4.4.12.
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4.5. Summary

Three-dimensional CT orbit in the LHD magnetic field has been calculated. As a result,
central fueling is confirmed to be possible with realistic parameters of CT, such as 20 cm
diameter, 10** m™ electron density, and 300 km/s initial velocity. In this study, 1.5 T LHD
magnetic field is used for the calculation, so that in the case of 3 T LHD magnetic field, one
should use a faster (~ 600 km/s) or heavier (~ 0.3 mg) CT to achieve the center fueling. Note
that the large velocity and the heavy mass of CT have the same meaning in the orbit
calculation. One should be careful to set the CT injector to the appropriate position such as
that found in this study. Even if the CT is electrically charged up to 0.1 % electron density, it
can penetrate the plasma core although the trajectory is bent due to Lorentz force. This
finding supports the idea of a non-neutral CT injection as a biasing electrode, to control the
electric field inside the main plasma.

A point model of CT acceleration in a co-axial electrode has been solved using the
fourth-order Runge-Kutta method to obtain the optimum design of a CT injector. It was
revealed that the ratio of electrode inductance to the external inductance determines the
acceleration efficiency. The high efficiency CT injector can be realized by reduction in the
external inductance and enlargement of the volume inside the injector to increase the
electrode inductance. Adiabatic compression using conical accelerator is also proposed. The
optimum design is obtained by scanning various parameters for given conditions. More than
34 % of acceleration efficiency and about 15 kJ of CT kinetic energy are expected with a long
(3.2 m) acceleration electrode. This is enough to carry out the CT injection into LHD.
Moderate electrode length of 1.6 m results in the less CT kinetic energy of 7.5 kJ in the
optimum condition, but still available for CT injectioh into the LHD plasma with 1.5 T
magnetic fields. In our experimental scenario, a short electrode of 0.8 m long is adopted for
the first step. In spite of the small acceleration efficiency of 15.7 %, such a compact injector is
useful to study the basic techniques of CT formation and acceleration.

A CT injector for LHD named SPICA has been developed and the CT acceleration
experiments have been carried out successfully. In the initial experiments, it was confirmed
that SPICA generates a CT with the spheromak-type internal magnetic field profile. It was
also suggested that the wall of the test chamber is working as a shell that determines the CT
size. In the two-stage acceleration experiment with an extended acceleration electrode of 2.6

m long, CT velocity of over 200 km/s and CT density of order 10*! m" have been observed.
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- The CT generated in the two-stage acceleration experiment on SPICA consists of a
short (~ 1 m) leading component, which is characterized by the large magnetic field and
relatively low density, and a long (a few meters) tail component that has higher density. To
obtain a sufficient CT magnetic field at the tip of the acceleration electrode, the charging
voltage of the acceleration bank should be larger than 10 kV. The compression effect of the
conical acceleration electrode has been proved from the CT magnetic field larger than the
biasing magnetic field. As for the CT density, the compression effect has not been recognized,
suggesting that the particle confinement time is less than ~ 20 psec. The CT velocity has a
strong dependence on the stored energy of the acceleration bank and exponentially increases
with the stored energy. At the same time, the CT length also increases while the peak CT
density decreases. Resultant kinetic energy of the CT is in proportion to the fourth power of
the stored energy of the CT acceleration bank. The long distance transfer of CT was examined
in the large test chamber with or without a drift tube inside. It has been demonstrated that the
CT can be transferred more than 3.6 m after the acceleration. To avoid a severe decay of the
CT magnetic field while keeping an adequate CT size, a drift tube of 0.32 m diameter might
be better than that of 0.16 m diameter, for the CT injection experiment on LHD. |

Although a good prospect in the CT injection experiment on LHD has been obtained,
there also are unsolved problems. First of all, the trajectory of a long CT in the LHD magnetic
field might be different from that simulated in section 4.2 assuming a spherical CT. Therefore,
the CT kinetic energy needed to achieve the direct fueling into the plasma core can be
different from that expected. In such a case, one should decrease the LHD magnetic field
strength. Note that the low magnetic field experiment has been often carried out on LHD to |
achieve the high B condition and it will be interesting to perform the CT injection into the
| high B plasmas. Secondary, the stray magnetic field intersecting the drift tube is thought to
prevent the CT motion. Since the CT has perfect diamagnetic property, it pushes aside the
stray magnetic flux in the drift tube. Then the magnetic pressure increases and it slows down
the CT velocity. If the inner radius of the drift tube is much larger than the CT radius and
there is an enough space between the CT and the wall, such a local increase of the magnetic
pressure can be mitigated. Therefore, one can be optimistic on this problem as long as a drift
tube of 0.32 m diameter is to be adopted. Third, the particles injected by SPICA is 2 x 10%° at
most, and a large part of these is not necessarily included in the strongly magnetized
component. Furthermore, this will decrease before the CT reaches the LHD plasma due to the

small particle confinement time. To deliver the CT faster than the density decrease, it is
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necessary to increase the CT velocity. This can be achieved by elongating the acceleration
electrode and increase the electrode inductance. As has been shown, a large electrode
inductance helps to obtain the higher acceleration efficiency.
| Taking into account the above problems, the best scenario of the CT injection
experiment on LHD using SPICA can be summarized as below.
- Target is the high B plasma.
- With a drift tube of ~ 0.3 m diameter set inside the LHD port.
- Injection from the lower port and set the electrode vertically. This makes it easy to
elongate the acceleration electrode.
- Elongate the acceleration electrode from 2.6 m to 3.2 m, which is favorable to achieve the
optimum condition in Table. 4.3.3.
One should pay attention to the perturbétions due to CT injection and its effect on the
confinement property of the LHD plasma. Since there is no method to generate the fast
magnetic perturbation other than the CT injection, it will give a new and interesting point of
view. Although the particle numbers injected by SPICA is expected to be not so large, it will
be also interesting to investigate the synergetic operation with other fueling such as gas

puffing and ice-pellet injection.
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Chapter 5 Conclusion

In this thesis, the experimental results related to the most basic fueling method; gas puffing,
and the possibility of the most advanced fueling method; CT injection, have been discussed in
the framework of LHD. The gas puff experiments with various gases were carried out to
investigate the fueling efficiency of gas puffing, the role of recycling flux, the effect of the
metal impurity reduction, and the confinement property of plasmas with different ion species.
The possibility of CT injection experiment on LHD was researched based on the CT orbit
calculation and the development of the CT injector SPICA.

By means of the gas puff experiments with hydrogen, helium, methane and neon,

conclusions as itemized below have been made.

[Hydrogen gas puff]
- The effective fueling efficiency ranges from 10 to 50 %.

Scatter in the effective fueling efficiency is due to the recycling flux.

The recycling flux increases and the recybling coefficient decreases due to gas puffing.

At the limit of small recycling flux, the effective fueling efficiency decreases to 10 %,
which corresponds to the fueling efficiency of hydrogen gas puffing in LHD.
[Helium gas puff]

- The effective fueling efficiency ranges from 20 to 100 % and higher than the hydrogen
gas puffing.

- The perfect recycling condition where the recycling coefficient is unity even with gas
puffing is likely be achieved.

[Methane gas puff]

- Real time carbonization (RTC) by methane gas puff is effective to reduce the metal
impurities.

- Both of the particle and thermal transport is improved in the high-density pellet shots
after the RTC.

[Neon gas puff]

- Reduced ion number density together with the increased absorption power at low density
range resulted in the higher ion temperature of over 4 keV than that obtained in hydrogen
plasmas of ~ 2 keV. | ’

- The global electron energy confinement is not depending on the ion species but on the

electron gyro-radius.
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- A new scaling law that can be applied to both of the hydrogen and neon plasmas has

been derived.

These results directly indicate the importance of gas puffing in the plasma experiments. In
addition to the easy and precise density control, flexibility in the working gas selection
enables the experiments needed to understand the plasma physics, such as the recycling and
the confinement property. ’

To realize the direct fueling into the plasma core, which cannot be attained by gas
puffing, possibility of CT injection has been investigated. At first, CT orbit in the helical
magnetic field was calculated and the central fueling was confirmed to be possible by the CT
injection with realistic CT parameters, such as 0.2 m diameter, 10?2 m™ electron density, and
300 km/s initial velocity in the case of LHD magnetic field strength of 1.5 T. The CT injector
named SPICA has been designed and developed based on the results of point model
simulation. It was revealed that the acceleration efficiency is determined by the ratio of
electrode inductance to the external inductance. The CT formation and acceleration
experiments have been successfully carried out on SPICA. It was shown that CT generated in
SPICA has spheromak-type internal magnetic field profile. After the elongation of
acceleration electrode, CT performance has been improved as expected from the results bf
point model simulation. In the two-stage acceleration experiment, CT velocity of more than
200 km/s together with the CT density of order 10*' m™ has been observed. The long distance
transfer of CT has been examined in the large test chamber. It is demonstrated that the CT can
be transferred more than 3.6 m after the acceleration. These results indicate that SPICA has
enough performance for CT injection experiment on LHD. It should be also noted that SPICA
is the largest CT injector in the world, at this moment, aiming at the fueling for the
high-temperature plasmas.

This thesis has asserted that the gas puffing is still a powerful fueling method. As for
the direct fueling to the plasma core, CT injection has been certified as the candidate.
Although the knowledge obtained in this thesis is limited, it will be available for
understanding the fueling physics. In the investigation of other fueling methods, such as the
pellet injection, and the neutral beam injection, the information presented in this thesis will
give the basis for comparison. Even for the complementary study of tokamak plasmas with

helical plasmas, the results of this thesis can afford the basic database.
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Appendix: Gyro-Bohm Scaling

The gyro-Bohm scaling is based on the drift-turbulence models [1 - 4], where the turbulence
that drives the anomalous transport has a scale length of the order of the ion gyro radius with
a decorrelation time of the ion diamagnetic drift time. These models can be characterized by

an expression below;
% Qo< (047, (A1)

where (2 is the ion gyro frequency and p* is the ion gyro radius normalized by the plasma
minor radius (p* = p/a). Using this expression, § = 0 and 6 = 0.5 corresponds to the
gyro-Bohm model and the Bohm model, respectively. The energy confinement time %

deduced from Eq. (A.1) is expressed as

_ az2
tg = Coa® Rk BB P°P p*n Z“Zl(l+-;—) A%, (A2)

where Cy is the fitting parameter, 4 and Z are the mass and the charge of the ion, respectively.
Table A.1 is the list of the indices corresponding to 6 = 0 (gyro-Bohm), 0.25 (weak
gyro-Bohm), and 0.5 (Bohm). These indices satisfy the collisional high beta constraint [5].
For example, the energy confinement time of the gyro-Bohm type, TEGB, and the Bohm type,

TEB, are given as below;
TEGB — CO a 2.4R 0.6B0.8P-0.6 ;’l—e 0.6 ZO.8(1+1/Z)0.6A—0.2’ . (A.3)
TEB - CO a 2R 0.5BO.5P-0.5 ;l_e 05 (1+Z)0.5- (A.4)

The Z dependence appears in both of the models, while the mass dependence does not appears

OB o« 47%? included in the gyro-Bohm model has been

in 7%z". Inverse mass dependence of 7
observed in JET H-mode experiments [6].

Note that Egs. (A.2) - (A.4) are expressed for two-components plasmas, which
contain electrons and a single kind of ions. As for the general plasmas, where two or more ion
species are included, it is not obvious what kind of parameters are to be used instead of Z and
A. One of the possible assumptions is to substitute Z. and Aes for Z and 4 in these equations,
respectively. Here, A is the effective ion mass, which is defined as the total ion mass density

divided by the total ion number density, and is uniquely determined from Z.¢ according to the
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definition below;

4 _ Aynyt Ay Ayt Ay
o ny+ 1y 1+y

where subscript M (I) denotes the majority (impurity) ion and ¥ = ny/ny is the ratio of
impurity ion density to majority ion density, which can be directly derived from the definition

of Z.ir as;

2
_Zu = Zyley
ZIZeff_ZI2

s

It is possible to classify a database by investigating the sensitivity of the fitting error
with respect to the parameter d. For instance, if the minimum of the fitting error is obtained at
0 = 0, the gyro-Bohm model is better than the Bohm model to explain the parameter

dependence of the dataset on the ion gyro-radius.
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Table A.1. Summary of the indices in three typical confinement models.

Index number
Name expression | gyro-Bohm weak Bohm
gyro-Bohm
5=0 - 5=025 5=05
-1.5+6
0 =1.5+0 0.6 -0.556 0.5
d 25-6 |
15-6 0.6 0.556 0.5
G 25-0 '
2-28
o 2=-20 0.8 0.667 0.5
g 25-8
6-40 24 2222 2
G 25-8 -
1.5-8
15-0 0.6 0.556 0.5
aj
* | 25-6
| 2-20 0.8 0.667 0.5
“ 25-8 |
15-6 0.6 0.556 0.5
o . Rl .
2 25-6
—0.5+6 02 0.111 0
o —— -0. -0.
Shae 25-6
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