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Chapter1
Introduction

1.1 FRC Facility

Conventional nuclear fusion research has been advanced centering on particularly

in the D-T reaction because the cross section is larger at low plasma temperature

among many fusion fuel systems, where D is deuterium, T is tritium. This method

is considered as a fuel of the ITER project [1]. The D-T reaction has a large cross

section of the reaction. So the demand for the steady nuclear reaction is low and

realization of the reaction itself is relatively easy. However, Tritium, which is a

fuel, is a radioactive substance, neutrons still generate by the reaction between

deuterium and tritium it has the problem that it is. This reaction necessitates

measures to active the furnace structure, it is inevidence to become huge and

complicated.

D + T −−→ 4He+ n

For this reason, we should aim at next generation nuclear fusion reactor with
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less neutron load. Therefore, field-reversed configurations (FRCs), having high

efficiency and compact magnetic field configuration satisfying these conditions,

are getting more and more attention. The FRC has many advantages such as

the magnetic field utilization efficiency is close to 100% and the reaction product

can be directly used for power generation. Also, FRC’s reactions, D-3He and p-

11B, produce less neutrons and the risk of activation is unlimitedly low. If it is

feasible, it can be expected to become the most inexpensive and highly efficient

nuclear fusion reactor plasma. However, it is very difficult to maintain the short

confinement time and coordination, and there are many problems to realize.

D + 3He −−→ 4He+ p

p+ 11B −−→ 34He

To realize p-11B reaction, Tri Alpha Energy (TAE), Inc. has been conducted to

develop a FRC’s fusion reactor.

The FRC device that is constructed at TAE is the largest device in the world

[6, 7]. Figure 1.1 shows a schematic layout of FRC device. This device consists

of confinement region at the center of the device, two formation region for gen-

erating an FRC on the opposite ends of confinement vessel. The formation is

adopted theta-pinch method [47]. Figure 1.2 indicates a concept of the C-2 device.

The formed FRC is easily accelerated by the gradient of the magnetic field and

achieved supersonic speeds (> 250 km/s). After collision (∼ 100 µs) CTs merge

into single FRC. The kinetic energy converts to the thermal energy after colliding

and merging.
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A typical FRC has instabilities, i.e., wobble motion (toroidal mode number

n = 1) and rotation (toroidal mode number n = 2) [47]. The plasma guns to

control an electric field outside the FRC are installed on the both end side of the

formation section to stabilize the global instability of the FRC, such as wobble

motion and FRC rotation [48]. Usual FRC does not have a heating mechanism, so

the electron temperature is low. Hence, the resistance of the toroidal current will be

increased. Therefore, the FRC decay rapidly. To heat the electron temperature,

the neutral beam is employed on the TAE’s FRC. Also, the neutral beams are

aimed at mid-plane on the confinement chamber for heating, driving a current, and

particle fueling. There are 6 NBs on the confinement vessel. The NBs are injected

in an ion diamagnetic direction to drive current. The input beam energy is 15 keV,

and total power in neutrals is 10+ MW, and the ion current per source is 145 A.

The lifetime of the FRC is extended significantly by the neutral beam system, as

shown in Fig. 1.3. Figure 1.3 shows comparison of the C-2/C-2U FRC’s lifetime

from the excluded-flux radius. The previous experimental device C-2, initially

had no NBI or edge-biasing capabilities and produced ∼ 1 ms; the lifetime was

limited by MHD instabilities. C-2/C-2U’s FRC lifetime is dramatically extended

from 1 ms to 10+ ms. This improvement indicates current drive by beams and

fast particle accumulation in FRC. Hence, the TAE’s FRC is called ”advanced

beam-driven FRC plasma [8].

The typical parameters of the C-2/C-2U device is: an external magnetic field

∼ 1 kG, separatrix radius ∼ 35 cm, FRC’s length 2 − 3 m, electron density

∼ 3×1019 cm−3, ion temperature 500−800 eV, and electron temperature 100−150

14
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eV [8].

Figure 1.1. Schematic layout of C-2U machine

Figure 1.2. Concept of C-2/C-2U device.
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Figure 1.3. Comparison of the C-2/C-2U FRC’s normalized excluded-flux radius. C-2U’s FRC
improved by neutral beams, guns, and wall conditioning.
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1.2 Neutral Beam Heating

The core plasma needs to be heated because the temperature must achieve to self-

ignition condition to maintain the plasma energy. In order to heat the plasma,

joule heating can generally be used [44]. Usual tokamak plasma has a significantly

large toroidal current and plasma resistivity. Therefore, the plasma will be heated

by toroidal current density j and plasma resistivity η, i.e., joule heating ηj2. How-

ever, the resistance of the plasma goes down in an inverse ratio of temperature

T
3
2 . Accordingly, the radiation loss will increase due to elevation of the electron

temperature; therefore, there is a limit of joule self-heating. Thus, an additional

heating technique is necessary to raise the temperature more than limits of joule

heating. To elevate the temperature, a neutral beam injection (NBI) is adopted

usual [37,39]. As characteristics of NBI system, the neutral particles can accelerate

with high energy and though collisions with plasma particles. Then, the injected

particles will be ionized. The ionized particles heat the core plasma. The energetic

particles will be confined by the magnetic field and ionized mainly reaction with

plasma ions. The effective cross section for ionization, σeff , is given by [21,35,43]

neσeff = niσi + niσcx +
ne ⟨σeve⟩

vb
+
∑

j

nj (σji + σjcx) (1.1)

where σi, σcx, and σe are the ion impact, the charge-exchange, electron impact,

respectively. ne and ni are the electron and ion densities in the plasma, and ve

and vb are electron and beam velocities, respectively. The last term indicates the

ionization rate by all the impurities. The beam attenuation in the direction of the

16



CHAPTER 1. INTRODUCTION

beam is given by

I

I0
= e−neσeffx = e−x/λ (1.2)

λ =
1

neσeff
(1.3)

The quantity λ is defined as a characteristic of the attenuation length of the beam.

An approximate expression for the attenuation length λ in the range of the interest

for core plasma heating with deuterium beam is defined as

λ (m) = 2.8× 1017
(
Eb [keV]

ne [m−3]

)
(1.4)

Since the attenuation length depends on the plasma density, the density should be

increased to increase the collision probability. However, the fueling rate from the

NB is insufficient. Hence, the particle refueling system from the exterior becomes

necessary. In order to control the plasma density, we developed the particle refu-

eling source. In the Chapter 3, the developed particle refueling source describes.

1.3 Particle Refueling Techniques

To refuel the particles into the core plasma, gas puffing, ice-pellet, and compact

toroid (CT) injection has been developed on the tokamak device. The gas puffing

method with supersonic is simple and can be easily constructed on the confinement

vessel, which is constructed to confine the core plasma. However, this method

spread a cloud of the neutral gas surround the core plasma. As a result, the core
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plasma cooled. The ice-pellet injection has been achieved efficiency of 100% on

the ASDEX upgrade and sthe LHD devices [22, 25]. This method makes a pellet

by compressing a gas. The ice-pellet injects the solidified neutral gas into the core

plasma. However, the penetrated pellet will evaporate around the outside of the

core plasma. On the ITER device which is the largest tokamak device needs a 100

km/s penetration speed to inject inside the core plasma. The recent speed of the

pellet is only a few km/s. Thus, it is difficult to reach the core region [31]. Due

to the low temperature, both methods cool the core plasma. Thus the gas puffing

and pellet injection make a hole on the core plasma surface.

To deep refuel the particle to the core plasma, Perkins emphasized dense CT

injection [31]. CT injection has been demonstrated experimentally on the several

tokamak devices [28,33,34] using a magnetized coaxial plasma gun (MCPG). The

electrode discharge impurities due to metal originated from electrodes. However,

it does not cause major problems for core plasma. Usually, the electrode is coated

with tungsten to reduce the impurities. The tungsten cannot flight vehicles at

high speed because of heavy. The tungsten of 10 eV has a 1.25 km/s as a velocity.

Therefore, the tungsten cannot follow the ejected CT. Also, the Larmor radius

of the tungsten is larger than fueling particles (H, D2), e.g., Larmor radius of

tungsten of 10 eV is 24 cm with 0.1 T. So, it is difficult to confine the tungsten

inside the magnetic field as a particle source. On the result of the tokamak device,

there was no longer any impurities line of the tungsten between W 3+ and W 27+

on the trailing plasma [33,34]. On the JFT-2M device, the validity was confirmed

that the CT is able to penetrate inside the core plasma with the high magnetic field

18



CHAPTER 1. INTRODUCTION

by the soft x-ray radiation measurement [28]. As a result, the CT injection was

verified and confirmed. Also, the CT’s velocity on the RACE (ring acceleration

experiment) device has been achieved up to 2500 km/s [17, 18, 27]. Thus, the

CT injector has gathered a sufficient amount of necessary things to inject the

particles. It was verified that the CT could be able to inject under the extremely

high magnetic field.

1.4 Thesis Outline

This thesis has been constructed into the eight Chapters. The first Chapter de-

scribes an introduction of the world’s largest FRC device, C-2/C-2U, and indicates

the heating system and particle refueling system as an energy fueling on the core

plasma. Chapter 2 indicates compact toroid plasma, FRC and Spheromak. Also,

the structure of the FRC which is main target of this thesis describes. Chapter 3

mentions about the concept of the magnetized coaxial plasma gun, and Chapter

4 describes the designed compact toroid injector for my research. To test the de-

veloped CT injector, we constructed the test stand to research the characteristics

of the ejected CT upon the transverse magnetic field. The detailed description

is in Chapter 5. After the test the CT injector on the test stand, the injector is

mounted on the confinement vessel of the FRC. The installation and result are

mentioned in Chapter 6. Our CT injector was upgraded to improve the effect

of the neutral gas after CT injection. Chapter 7 mentions about the system of

the pre-ionization technique to reduce the amount of neutral gas to breakdown.
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Chapter 8 is summary of a thesis.
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Chapter2
Compact Toroids

2.1 FRC and Spheromak

Compact toroids (CTs) are toroidal plasma configurations which do not have me-

chanical construction inside the plasma; CT devices are simple geometry and can

easily control. CTs capable of being classified two models; FRC and Spheromak.

Two compact toroids are illustrated in Fig. 2.1.

1. Field-Reversed Configuration [38, 47]

The FRC plasma has a closed magnetic field line structure of poloidal mag-

netic field in the magnetic axis direction, and maintenance of coordination

is maintained by this closed magnetic field line and open magnetic field lines

generated by the external coil. In addition, the poloidal magnetic field occu-

pies most of the magnetic field that is possessed, and the toroidal magnetic

field is extremely small. The average ⟨β⟩ representing the utilization effi-

ciency of the magnetic field is characterized by being close to 100%. That
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is, the externally applied magnetic field could be a weak magnetic field, and

it is possible to confine plasma more efficiently than other devices such as

tokamak shape. Although there are several methods for generating FRC,

FRTP method is generally used to generate high temperature and high den-

sity plasma.

2. Spheromak [5]

The Spheromak plasma possesses both magnetic fields of the poloidal toroidal

magnetic field, and the average ⟨β⟩ is 0. In addition, it forms a force-free

condition, and has characteristics that it confines itself, i.e., ∇ × B = λB,

where, λ is an as-yet undetermined constant. Using Ampere’s law, it can be

expressed as

µ0J = λB (2.1)

This equation is showing that the configuration is force-free, i.e., J×B = 0.

Poloidal Field

Toroidal Field
Field-Reversed Configuration Spheromak

Figure 2.1. Types of the compact torus
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2.2 Field-Reversed Configuration

2.2.1 Structure of FRC

Field-reversed configurations (FRCs) are constructed with open field line outside

the FRC and closed field line inside the FRC. As characteristics of FRC, most of

the magnetic field which is formed an FRC is a poloidal magnetic field and with

no or little toroidal field. The geometrical structure of the FRC is simple, and it

is shaped with cylindrical type.

Figure 2.2 shows a schematic view of an FRC. The boundary between open

field line and closed field line is called separatrix. Also, the FRC’s magnetic axis

which is no magnetic field point is called O-point, and the cross point between

the poloidal flux of FRC and machine axis is called X-point. Both points do not

include a magnetic field/flux. The confinement of an FRC is maintained by the

toroidal current, which flows through it on the magnetic axis inside an FRC. The

confinement of an FRC is held by pressure balance of external field pressure and

FRC’s pressure such as magnetic and thermal. Therefore, the FRC has rotational

symmetry, and it is approximated as a cylindrical shape having a simple shape.

The equilibrium of an FRC is produced by pressure balance between mag-

netic pressure outside the FRC and FRC’s magnetic and thermal pressure. Thus

pressure balance along the radial direction is defined as

P(r) +
B2

z (r)

2µ0
=

B2
e

2µ0
(2.2)
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left term shows a FRC’s pressure, and right term shows external magnetic field

pressure.

B
0

B
e

r
sR

M
id
p
la
n
e

r
c

E
n
d

Open Field line

Closed Field line

Figure 2.2. Schematic view of the field-reversed configuration.

2.2.2 Excluded Flux

When an FRC form, the distribution of the magnetic field change by separating

into open and closed field line. Usually, the magnetic flux loop is assigned to

measure an excluded flux. Due to form an FRC, the magnetic loop detect a

fluctuation. From this relationship, the excluded flux ∆Φ can easily represent as

the diamagnetism arising from plasma presence, given by

∆Φ = πr2l Be − φl (2.3)

where rl is the radius of the flux loop , φl =
∫ rl
0 Be2πrdr measured flux by the flux

loop, and Be is the external magnetic field.
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2.2.3 Separatrix Radius−Formation section

A separatrix radius is one of the most important parameter. However, it cannot

do directly measurement because the separatrix radius means isolation region of

magnetic field. Therefore, the excluded flux measurement is also used, and the

separatrix radius indirectly acquires from the excluded-flux radius. Assuming ex-

ternal magnetic field Be is constant outside the separatrix, i.e., negrecting edge

plasma pressure on the open field lines, the excluded flux ∆Φ with FRC can define

as

∆Φ = πr2l Be − π(r2l − r2s)Be = πr2sBeπ (2.4)

where, rs is separatrix radius. Thus, we can derive separatrix radius from magnetic

field and flux measurements from magnetic probes and loops:

rs =

(
∆Φ

πBe

) 1
2

= rl

(
1− φl

πr2l Be

) 1
2

(2.5)

With measurements from a vacuum reference, ∆Φvac = πr2l Be,vac − φl,vac = 0, the

excluded-flux radius r∆φ is estimated as

r∆φ ≃ rs = rl

√

1− φl

φl,vac

Be,vac

Be
(2.6)
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2.2.4 Separatrix Radius−Confinement Section

When an FRC translate from source section to confinement section, the magnetic

field inside the confinement section will be excluded. However, amount of a mag-

netic flux does not change because a metal chamber works as a magnetic field

conserver. Hence, equation 2.4 can rewrite as

B0πr
2
c = Be

(
r2c − r2s

)
(2.7)

where rc = rw is the flux conserver radius, B0 is magnetic field on the confinement

vessel before FRC translate, with the assumption that the magnetic field between

the separatrix and the metal chamber Be is uniform. Note also that the magnetic

flux at the separatrix, Φs = 0. Thus, the rs define as

rs = rl

√
1− B0

Be
(2.8)

2.2.5 Average Beta Relation : ⟨β⟩ = 1− 1/2x2s

Average beta ⟨β⟩ is one of the most important parameter of the FRC plasma. ⟨β⟩

was defined by Armstrong [2]. For pressure is written with flux function Ψ, the

equation 2.2 can yield as:

dΨ
√
8π

[
Pm − P(Ψ)

] 1
2

= rdr (2.9)

26



CHAPTER 2. COMPACT TOROIDS

The FRC has a closed field line. Hence, an integration from r = 0 to r = R is

equal to the integration from r = R to r = rs. Thus the magnetic axis R which is

no poroidal magnetic flux is defined as;

R =
rs√
2

(2.10)

where,rs is equal to r∆φ. Also, the axial pressure balance in general is given by

∇ · P = J × B = − (∇ · T ) (2.11)

where P is the pressure tensor and T is the field stress tensor. Taking a surface

integral and Gauss’theorem to Eq.2.11, and then Eq. 2.11 becomes

1

πr2s

∫ rw

0

(
P

Pm

)
dA = 1− 1

2

r2s
r2w

(2.12)

The left hand side shows the average beta ⟨β⟩ and right hand side shows the

relationship between separatrix radius and wall radius.

2.2.6 Rigid Rotor Profile

The one dimensional rigid rotor profile is used to describe the radial profile of the

magnetic field and density. All theta-pinch formed FRCs usually exhibit a rigid
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rotor (RR) profile, which is derived from:

(∇× B)θ = −∂Bz

∂r
= µ0jθ (2.13)

nekBTt +
B2

z

2µ0
=

B2
e

2µ0
(2.14)

where, jθ is toroidal current, ne is electron density, Tt is total temperature. As-

suming constant Tt, and uniform electron rotation, i.e., constant ωe, like in a rigid

rotor. Thus.

jθ = −neωeer (2.15)

The solutions for density and magnetic field are given by

ne = nm sech2 (KRRu) (2.16)

Bz = Be tanh (KRRu) (2.17)

where u ≡ (r/R)2 − 1, R = rs/
√
2 is the radius of field null (Bz = 0), and KRR is

a rigid rotor profile factor. For a typical theta-pinch FRC, KRR ≤ 0.7. Figure 2.3

shows a rigid rotor profile of magnetic field and density. A density is maximum at

magnetic axis R, and the magnetic field outside the separatrix is constant.
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0

ne

Bz

rwR rs

Figure 2.3. Rigid rotor profile of magnetic field and density.

2.2.7 Poloidal Flux

Poloidal flux Φp is defined as [2]

Φp =

∫ R

0

BzdS =

∫ R

0

2πrB0 tanhK

(
r2

R2
− 1

)
dr (2.18)

= πR2Be
ln (coshKRR)

KRR
(2.19)

for x ≪ 1, cosh x = 1 + x2

2! +
x4

4! + · · · ≈ 1 + x2

2! , thus for small KRR,

Φp = πR2Be
ln (coshKRR)

KRR
(2.20)

=
1

4
πr2sBeKRR (2.21)

29



Chapter3
Concept of a Compact Toroid Injection

3.1 Magnetized Coaxial Plasma Gun

To penetrate the CT with high energy, magnetized coaxial plasma gun (MCPG)

employed for particle refueling source. The inherent advantages of MCPG include

(a) easily ejection of plasmoid; (b) high performance such as high density and high

speed; and (c) repeatability. In addition, the CT easily adjustable performance

if CT needs more kinetic energy. In this chapter, we mention about the concept

of the compact toroid injector. The MCPG has a structure of coaxial cylindrical

electrode and both electrodes are fixed and isolated by insulator.

In order to generate a plasma, a high voltage applies on electrodes. Usu-

ally, an outer electrode is connected to grounded potential. On the other hand,

an inner electrode connects to high voltage. Also, a generated plasma needs a

magnetizing to form a plasmoid. Therefore a bias coil is installed inside an inner

electrode and/or outside an outer electrode. As mentioned above, a typical MCPG

is constructed from coaxial cylindrical electrodes. Therefore, the distance between
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electrodes is most important parameter for formation and ejection of plasmoid.

To control a gun current, a MCPG need decide an inductance between electrodes.

The self-inductance L of a cylindrical coaxial electrodes is as bellow:

L =
µ0

2π
ln

(
b

a

)
(3.1)

where, a is an outer diameter of an inner electrode; b is an inner diameter of the

outer electrode.

To form a plasmoid, there are four sequences: (1) gas inlet and apply bias mag-

netic field, (2) breakdown between electrodes, (3) plasma accelerate by Lorentz-

force, and (4) CT ejection via magnetic reconnection. Figure 3.1 shows illustrations

of diagram of formation and ejection of CT from MCPG. Those main sequences

are listed below in the order of process for ejection of a plasmoid from MCPG.

1. Apply Neutral Gas and Bias Magnetic Field

Figure 3.1 shows an illustration about a neutral gas injects and bias magnetic

field applying phases. In this figure, the bias coil inserted within an inner

electrode.

A neutral gas is enclosed inside between electrodes. Usually, a solenoid or

piezo valve is adopted in order to control an amount of neutral gas. Ad-

ditionally, a bias magnetic field requires magnetizing a plasma. Hence, the

magnetic field applies before main discharge.

2. Breakdown between Electrodes
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A high voltage bank is connected to electrodes with switch and triggers

to generate a plasma. When switch triggered, the high voltage applies to

electrodes, and then, the neutral gas is ionized. To decide a breakdown

condition with neutral gas is usually used Paschen’s law that is decided by

pressure and distance between electrodes. The breakdown voltage is written

as VB = f(pd), where p and d are pressure and distance between electrodes,

respectively. In general, the Paschen’s law is described as follow:

VB =
Bpd

ln (Apd)− ln (ln (1 + 1
γ ))

(3.2)

where, A and B are constants depending on the kind of neutral gas. Also

γ is secondary emission coefficient at the cathode. However, this equation

is describing about the breakdown in case of parallel plate. Thus, we need

reconstruct the equation from parallel plate model to cylindrical electrode

model.

In the coaxial electrodes model, the electric field along the radial direction

is defined as [49]

E = E0
r2in
r2

(3.3)

where, E0 is a maximum electric field on the surface of inner electrode, rin
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is the radius of the inner electrode. The breakdown voltage can be given by

VB = E0r
2
in

(
1

rin
− 1

rout

)
(3.4)

where, rout is a inner radius of outer electrode. The maximum electric field

can derive from Paschen’s law. Therefore, the modified breakdown voltage

VB is derived as

VB = r2in

(
1

rin
− 1

rout

)
Ap

ln (pd) +B
(3.5)

3. Plasma Acceleration

After switch is triggered, a radial current through between plasma. Figure

3.1(b), (c) shows appearance of the interlinkage between plasma and bias

magnetic field. A gun current through an inner electrode, and then a toroidal

field which is circumferential direction occurs behind the plasma. The plasma

receives a Lorentz-self force J×B, where, J is gun current and B is toroidal

magnetic field which is generated from gun current.

4. CT Ejection

The interlinked plasma capture a toroidal field and poloidal field. After

ejection from the MCPG, the magnetic reconnection occurs at the region of

the radial field of bias magnetic field. Due to reconnection, the plasmoid will

be separated from MCPG. At this time, the plasma receives force of drag of

bias magnetic field. To estimate that drag force, the relationship between
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circuit energy and magnetic energy uses as bellow.

F =
1

2
LgunI

2
gun −

B2
bias

2µ0
πa2 (3.6)

where, Lgun is inductance of electrode, Igun is gun (discharge) current, and

Bbias is a magnetic field within the electrodes. This equation shows theo-

retical model. Also the ejection condition such as relationship of ejection

between machine design and gun current for ejection CT from MCPG is

determined experimentally [3]. The requirements for ejection is that the

magnetic pressure of generate by gun current such as gun current must be

higher than drag force of the bias magnetic field. The relationship is written

as follow:

λg =
µ0Igun
Ψbias

≥ λc (3.7)

where, Ψbias is magnetic flux of a bias coil, and λc is a limit against which is

determined by machine geometry. The threshold λc is found experimentally

by Barnes and Brown [4, 9], the value of the threshold is indicated as λc =

π/∆d, where, ∆d is distance of the electrodes. From this relation, Eq. 3.7

is rewritten as

µ0Igun
Ψbias

≥ π

∆d
(3.8)

This equation is used to decide the electrodes design such as diameter and
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electrode interval between inner and outer electrode. Then, gun current

and amount of magnetic flux is determined by construction of the designed

electrodes.

Gas Puff
Bias Coil

Inner Electrode

Outer Electrode

Bias Field

(a) Gas puff and apply bias magnetic field.

JGun

Bt J×B

(b) Generate a plasma and acceleration.

(c) Bias field captures accelerated plasma.

Poloidal Field

Toroidal Field

(d) Reconnection and ejection

Figure 3.1. Illustration of diagram of formation and ejection of CT from MCPG.

3.2 Magnetic Tension by Transverse Magnetic

Field

A CT model of trajectory inside confinement vessel has been employed the con-

ducting spherical model, which is a perfectly conducting model, so far, to estimate

the penetration depth [34, 42]. The kinetic energy density must be exceeded by

35



CHAPTER 3. CONCEPT OF A COMPACT TOROID INJECTION

the magnetic field energy density:

d

dt

∫

CT

1

2
ρv2dV ≥ d

dt

∫

CT

1

2µ0
B2dV (3.9)

where ρ, v, and B are the CT density, CT velocity, and magnetic field of CT

passage, respectively. To estimate the initial condition of the CT, taking v = vct

and B = 0 as a initial condition, and v = 0 and B = Btarget as a final condition,

so the initial kinetic energy of the the penetrated CT can derive from Eq.(3.9):

1

2
ρvct

2VCT ≥ 1

2µ0
B2

targetVCT (3.10)

where VCT is CT volume. From this equation, the required energy can estimate.

The required energy of C-2/C-2U is 4 kJ/m3, so the velocity and density of the

CT are; velocity 70 km/s and density 1.0× 1021 m−3. Furthermore a equation of

motion of the CT can derive from Eq.(3.9) by taking z -axis along the CT direction.

The equation as follows [40–42]:

d

dt

∫

CT

1

2
ρv2zdV ≥

∫

CT

−∂z

∂t

∂

∂z

1

2µ0
B2dV (3.11)

∂

∂t
ρvz = F − ∂

∂z

B2

2µ0
(3.12)

where F is the CT acceleration force. The magnetic pressure at the second term

affect the CT as deceleration. However, an actual CT has a current profile. So
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the Lorentz force J×B acts between magnetic field of the target plasma and CT.

The Lorentz force consists of the magnetic field pressure and the magnetic field

tension force:

J×B = −∇
(
B2

2µ0

)
+

(B ·∇)B

µ0
(3.13)

Thus, the CT’s velocity is reduced not only by magnetic pressure but also by

magnetic tension of the external field. Therefore, the equation of motion for CT

which include a term of effect of magnetic field is represented as,

∂

∂t
ρv = F−∇

(
B 2

2µ0

)
+

(B ·∇)B

µ0
(3.14)
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Chapter4
Designed CT Injector System

The CT injector system has been developed for the Tokamaks. These CT in-

jectors have a formation section and an acceleration section. Firstly, the initial

CT generates on the formation section, and then CT accelerates on the accelera-

tion section to ramp up a kinetic energy due to target magnetic field has over 1

T [17,18,27,28,31,33,34]. The accelerated CT is easily achieved to a few hundred

km/s. On the RACE experiment, the velocity achieved to 2500 km/s. Addition-

ally, the CT was penetrated and reached to core region of the core plasma.

The designed CT injector developed for the C-2/C-2U FRCs. When the CT

injector for C-2 FRC developed, the electrode’s distance decides from Tokamak’s

CT injector design as a reference. However, the external magnetic field for a con-

finement of C-2 FRC is only 0.1 T. Hence the kinetic energy is much smaller than

Tokamak’s CT injector. Furthermore, the CT injector does not need acceleration

section because the typical MCPG easily reach 100 km/s. Therefore, our designed

CT injector decided a model without acceleration system. To reach high speed,

100 km/s, we adopted 125 µF of capacitor bank and applied 10 kV to through the
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high current. As a result, the gun current achieved 190 kA. Hence, the CT can

quickly eject through the bias magnetic field. Additionally, the gas puff system

can control amount of neutral gas. Hereby, the CT’s kinetic energy available to

control, e.g., low density with high speed, and high density with slow speed. Ad-

ditionally, the multi-pulse system developed for the multi-pulse CT injection with

high frequency. This system charge two banks in parallel, and then these banks

can discharge independently. Furthermore, we employed a conducting shell to

control an initial breakdown by trapping a bias magnetic field between electrodes.

Then the E × B drift occurred and an electron starts a drift motion. Thus, the

breakdown timing can control easily due to generate a plasma before breakdown.

In this chapter, the system of the CT injector will be described and mentioned.

The design of the CT injector describe in section 4.1. In the section 4.2, the repe-

tition system of the CT injection describe a circuit. In section 4.3, it is described

about the conducting shell method.

4.1 Schematic of the Developed CT Injector

4.1.1 Design of the CT Injector

The MCPG, newly designed for C-2 FRCs, had been developed [26]. Figure 4.1

shows the schematic illustration of the recent CT injector. The designed CT

injector adopted MCPG, which has cylindrical coaxial electrodes. Both electrodes

are connected with ceramic break at the The outer diameter of the inner electrode

and inner diameter of the outer electrode are 54.0 mm and 83.1 mm, respectively.
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The inductance between electrodes is 86 nH/m. Thicknesses of these electrodes

are 3 mm. The stainless-steel (SS 304L) electrodes consist of inner and outer

electrodes. The potentials of electrodes are the following: the inner electrode is

the cathode, the outer electrode is the anode, which is grounded. The diameter of

outer electrode was selected to be compatible with the available interface on the

C-2 vessel.

The inner electrode discharge impurity metals from electrode. Therefore, the

electrode usually coats with tungsten because of high-melting point, the effect of

refractory electrode coatings is shown by Brown [10]. The surface of the inner

electrode is coated with tungsten (0.2 − 0.3 µm in thickness) in order to reduce

the production of impurities from electrode into plasmoid. This coating applied

with a ”Vacuum Plasma Spraying” technique. The inner electrode consists of the

hemispherical head; the head replaceable with other length for extension. Further-

more, the cylindrical part has cavity where the bias coil can be inserted from the

end flange.

The gas puff ports are arranged on the outer electrode. This system mention on

Section 4.1.3. Also, an extension electrode is connected on the muzzle of the outer

electrode where is inside the ceramic break. The role of extension electrode is;

protect ceramic break from the plasma, and suppression of magnetic field diffusion

which has CT.
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Outer Electrode
Inner Electrode

Extension Electrode

Bias Coil

Ceramic BreakGas Port / Puff

Hemispherical Head

0 50 100 mm

Figure 4.1. Schematic illustration of the CT injector.

4.1.2 Bias Coil System

A bias magnetic field is requires for magnetizing the plasma. The MCPG described

herein has an internal bias coil, installed inside the inner electrode. Thereby, as

the bias coil is not fixed to the inner electrode, the bias coil can be moved axially

and can be arranged for different bias coil configurations (shorter, longer, turns,

etc.). The bias coil is wound on a rod (22 mm in O.D., PVC) has 60 turns across 2

layers with inductance of approximately 20 µH turns and measures approximately

18 cm in length. The cable for the bias coil can withstand high voltages applied

on the inner electrode.

The bias coil should be slower rise time because the magnetic field must pene-

trate through the electrode made by stainless. Figure 4.2 shows schematic diagram

of the bias coil circuit. In order to make slow rise time, the electrolytic capacitor

of 50 mF employed of 450 V. To rectify the bias current, the diode installed in

parallel. The start switch adopted the thyristor. Due to large capacitance, the

bias coil can easily modify to different type, because the frequency of the bias field
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is decided mainly by capacitance.

Charge/Dump Resistor

Capacitor Diode

Thyristor

Bias CoilVDC

Figure 4.2. Schematic diagram of the bias coil circuit.

4.1.3 Gas Puff System

The CT injector has four ports on the outer electrode with a tangential angle in 90-

degree intervals, as shown in Fig. 4.3. These pipes for the gas inlet adopted O.D.

17.3 mm and has a larger diameter and shorter length compare with the original

CT injector. By using this tube, the puffed gas is diffused smoothly between

electrodes. Therefore, it can control the gas flow, i.e., amount of gas inside the

vacuum.

A fast solenoid valve (Parker Hannifin Corp., model: 009-0442-900) is employed

to satisfy required fast-response time because the amount of gas is a critical pa-

rameter to generate a plasmoid. The puff valves are typically driven by a 28 VDC

pulse. In order to realize the fast response of the valve, a high-voltage short pulse

is initially applied (∼300 V at the peak). The gas puff driver has been employed

in the series of CT injection experiments, as shown Fig. 4.4. To arbitrarily change
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gas condition between electrodes, a gas injection timing and opening time of the

gas puff can easily control by using this driver. Also, the gas pressure can control.

Figure 4.5 shows the gas sealing amount by changing the puff duration. with 40

psia. To estimate the number of gas inlet, the background pressure and volume

used.

Outer Electrode

Inner Electrode

Gas Puff Valve

Figure 4.3. Schematic of cross section of gas puff ports

Figure 4.4. Gas puff driver made by TAE.
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Figure 4.5. Gas sealing amount, which is estimated from different in background pressure.
Background pressure was 3− 5× 10−6 Torr, and Puffed pressure was 40 psia.

4.2 Repetition Circuit for Multi-Pulse CT injec-

tion

The schematic diagram of the multi-pulse circuit is shown in Fig. 4.6. Multi-pulse

CT injection systems have been developed mostly for the Tokamak devices, e.g.

Saskatchewan compact torus injector [29]. However, the highest repetition rate is

0.33 Hz and too slow for our projects. The lifetime of the FRC at the C-2U is

only a 10 ms. In addition, the decaying rate of the particles is faster than tokamak

devices. Since, the repetition speed must be more faster. Hence, we have to develop

the new multi-pulse system with higher repetition rate. The developed system has

short recovery time, which allows the repetition rate up to 1 kHz. This circuit

is the fastest repetition rate in the world for such a system. The problem with

low pressure gas switches is the clearing time for the plasma in the switch. The
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multi-pulse uses a circuit similar to the single pulse power supply, but uses diodes

as the crowbar and blocking element. The charging voltage is approximately 10

kV and gun current is 190 kA at the peak. Also, the rise time is 10 µs. A more

detailed explanation is found in Section 5.3. The main discharge switch (start

switch) used a Thyristor. The crowbar is in parallel with the capacitor in order to

reduce stresses on the diode. Although the diodes have significant action ratings

and high DC voltage blocking they are not immune to fast transients. Snubbing

is also necessary to kill transients due to stray inductance in the circuit. Figure

4.7 shows the picture of the actual multi-pulse circuit. Green and Orange parts

are resistance and capacitor for the snubber circuit, respectively.

Charging Circuit Main Bank CT Injector

-10 kV

125 µF

125 µF

Snubber Circuit

Figure 4.6. Schematic diagram of multi-pulse discharge circuit, which is include charging circuit,
main bank, snubber circuit, and CT injector.
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Diode

Snubber 
Circuit

Thyristor

Capcitor
Bank

Figure 4.7. Picture of the actual multi-pulse circuit, which is including thyristor switch, diodes,
and snubber circuit.

4.3 Breakdown Control by Conducting Shell

Actual breakdown process of the MCPG differs Paschen’s law, i.e., a particles

which is emitted from cathode rotates by E × B drift, where E is electric field of

applied voltage on the electrodes, B is magnetic field from bias coil. When this

motion is present, the effective pd is changed. The modified effective Paschen’s

law (pd)eff is as follows [19, 32]:
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(pd)eff = pd

√

1 +

(
Ωe

ν

)2

(4.1)

where Ωe is the electron cyclotron frequency, and ν is the collisional frequency of

electron-neutral gas. As above equation, the (pd)eff is greater than pd of Paschen’s

law. Thus the magnetic field is critical parameters to control the breakdown. As

shown in section 4.1, the bias coil was installed inside the inner electrode. The

bias magnetic field diffuse outside of the outer electrode because a skin depth of

the inner and outer electrode is same. Therefore, this system cannot efficiently

utilize a magnetic field for breakdown. To control the distribution of the magnetic

field, we adopted the conducting shell. The skin depth of conducting shell must

be longer than material of the electrodes. The skin depth is generally well-known,

it decides by resistivity of the material ρ, magnetic permeability µ, and angular

frequency of current ω. The skin depth δ is

δ =

√
2ρ

ωµ
(4.2)

On the our device, a copper employed. A copper has multiple characteristics; (1)

it can easily processing, and (2) it has a thin skin depth: δSS/δCu ∼ 6.4.

To estimate an effect of conducting shell, the distribution of magnetic field

calculated to solve an equation of magnetic diffusion. The equation can define
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from Maxwell equations. The equation of magnetic diffusion is as follows:

µ

η

∂B

∂t
= ∇2B (4.3)

where, η and µ are magnetic duffusivity and magnetic permeability, respectively.

To calculate this equation, an alternative direction implicit (ADI) method used

[30]. Also calculation model defined as actual designed MCPG, and bias current

used as an actual waveform. Figure 4.8 shows the distribution of the magnetic

field by calculation. Figure 4.8(a) shows a typical distribution of the magnetic field

generated from inserted bias coil. Figure 4.8(b) shows a magnetic field distribution

with conducting shell. As a calculation result, The magnetic field is trapped by

conducting shell and increase the magnetic field between electrodes.

As mentioned above, collision frequency of the electron is critical parameter for

breakdown, i.e., E ×B drift is important. The initial electron usually emits from

cathode, then it starts motion by electric field and magnetic field. If the conducting

shell does not use, the magnetic field is distributed outside of the outer electrode.

Therefore, the emitted electron from cathode goes to anode along the electric field.

On the other hand, the conducting shell makes the axial magnetic field under the

shell. By this effect, the electron starts cyclotron motion by E×B drift and extend

mean free path before reach to anode. Thus the electron generates more plasma

before breakdown and thus the sufficient quantity with less gas case.

Figure 4.9 shows result of comparison of breakdown between with and without

conducting shell. The bias magnetic field varied to change the intensity. As a
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result, the with conducting shell case was accelerated the breakdown by increasing

the magnetic field.

Inner Electrode

Bias Coil

Outer Electrode

Conducting Shell

-600 -400 -200 0 200

0

100

200

I 
(A
)

Time (µs)

Bias Current

(a)

(b)

(c)

Figure 4.8. Distribution of the magnetic field from bias coil. (a) waveform of actual bias current,
(b) without conducting shell at t=0, (c) with conducting shell at t=0.
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Figure 4.9. Comparison between with and without conducting shell.
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Chapter5
Characteristics Evaluation for Compact

Toroid Injector

5.1 Requirement for CT Injection

As mentioned above, the C-2U FRC which is driven by NBI is dramatically ex-

tended the lifetime for over 10 ms. However, a deposited particle number from

the NB is not enough to FRC. So, the FRC requires particle refueling from an

external source. The CT injector which is constructed by coaxial electrode system

can easily transport a large number of particles to the FRC through the external

magnetic field which is surrounding the FRC. Figure 5.1 shows the time evolution

of the particle loss rate with a linear approximation. the particle loss rate by linear

approximation was 2.0 − 4.0 × 1018 /ms. Therefore, the requirement parameters

for the CT needs particles > 2.0× 1018/ms. Also, the energy density to cross the

magnetic field, the CT needs over 4 kJ/m3. From these values, the CT’s velocity

can easily estimate for penetration to external field to reach the FRC. The re-
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lationship between kinetic energy density and magnetic energy density is shown

as Eq. 3.10. The velocity vct can estimate as vct =
√
Em/{miParticles/Vct} /2,

where, Em and mi is magnetic energy density and mass of an ion. Our device

has a cylindrical pipe with a diameter of approximately 10 cm on the muzzle, and

typical CT length is longer than 50 cm. Assuming that the length of the ejected

CT is 50 cm and diameter of the CT is 10 cm, the velocity must be higher than

97 km/s as an indicator.

In this chapter, it describes characteristics evaluation of the CT on test stand

including evaluation region for CT’s parameter and trajectory measurement for

the CT inside the transverse magnetic field.

0 1 2 3 4 5

0.5

1.0

1.5

2.0

2.5

0

Time (ms)

Pa
rti

cle
 N

um
be

r (
x1

019
)

# Particles
Loss Rate: 2.5x1018 #/ms

Figure 5.1. Time evolution of particle loss rate of the C-2U (Red line). Blue line shows linear
approximation of particle decay late.

5.2 Schematic of the Test Stand

Figure 5.2 shows a picture of a global image of the test stand, including CT injector,

drift tube, and glass tube with a transverse magnetic field. Figure 5.3 shows the
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structure of the transverse coil with a square shape. In order to characterization of

the plasma parameter of an ejected CT, the drift tube can use for some diagnostics.

Also, the diameter of the drift tube is approximately 10 cm. Additionally, an

insulator is installed between drift tube and CT injector for isolation. The glass

tube is located after drift tube. The another square coil is mounted on the opposite

side to generate the perpendicular field to machine axis. The role of the glass

tube is to measure the behavior of the CT inside the magnetic field, which is for

simulation of the axial magnetic field surrounding FRC. The glass tube also has

some diagnostics for reviewing the trajectory of CT, such as magnetic diffusion of

transverse field and emission from plasma.

CT InjectorDrift TubeGlass Chamber

Figure 5.2. Picture of the test stand for the CT injector including CT injector, drift tube for
measurement of characteristics of an ejected CT, and glass chamber to estimate a trajectory of
a penetrated CT inside transverse magnetic field.
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Current Flow

Transverse Coil

Figure 5.3. Structure of the transverse coil. The shape of that coil is square, and it has another
coil on opposite side.

5.3 Diagnostic Suite

Figure 5.4 shows the schematic of arrangement of diagnostics on the test stand.

To characterize the ejected CTs the following diagnostics had been set up on

the drift tube: magnetic probe, collimated fibers, dispersion interferometer, and

triple Langmuir probe. In addition, to measure the trajectory and movement of

CT, we usually use the magnetic probe and collimated fiber arrays. However, this
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diagnostic system cannot monitor CT’s position clearly due to limited views. Thus

we have adopted the fast-framing camera. The fast camera can be adjustable the

viewing angle by changing the lens, which is mounted on the fast camera.

10

0 -50 -100 -15050100

Magnetic Probe
Dispersion Inter.

Triple Probe

Fiber 2 Fiber 1
Magnetic Probe

Fiber Array

CT InjectorDrift TubeGlass Tube

Transverse Field Coil

y

z

Unit: cm

(MCPG)

Rogowski Coil
(Gun Current)

Resistor Chain
(Gun Voltage)

Figure 5.4. Schematic of the diagnostics on the test stand.

5.3.1 Gun current and Voltage Measurement

To measure the gun current and voltage, we used a Rogowski coil on the ceramic

break between electrodes and resistor chain connected between electrodes. The

Rogowski coil on the ceramic break can measure the gun current through the

inner electrode. The voltage is obtained by measuring the current through a 4.5

kΩ resister chain across the gun’s breech. Figure 5.5 shows the typical waveforms

of gun current and voltage.The maximum gun current is ∼200 kA at the peak.

The typical rise-time is approximately 10 µs as shown in Fig. 5.5.
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Figure 5.5. Typical waveforms of the gun current (red line) and voltage (blue line). Maximum
current at 10 kV of charging voltage is ∼200 kA at around peak.

5.3.2 Drift Tube (velocity, density, and temperature)

The drift tube is made of stainless steel (SS316) with 3 mm thickness. While

the CT travels in the drift tube, the chamber wall acts as a flux conserver. In the

drift tube, we can measure the typical plasma parameters such as velocity, density,

and temperature. Figure 5.4 illustrated the positions of each of diagnostics. The

diagnostics on the drift tube are as follows:

• Magnetic probe: Installed on the first port from the MCPG side. The pur-

pose of the magnetic probe is to estimate the trapped flux in the CT as well

as to assess the CT’s timing and length by picking up the magnetic field.

• Two PMTs with collimated fibers: The PMTs used 1P21, which is sold by

Hamamatsu Corporation. These fibers are not mounted line filters. The
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first fiber and the second fiber installed on first port and third port, respec-

tively. These fibers can measure the CT’s average velocity using time-of-flight

method.

• Dispersion interferometer: dispersion interferometer mounted on the second

port. It can measure the line-integrated electron density.

• Triple Langmuir probe: Installed on the third port. It can measure a local

electron density, and a local electron temperature.

5.3.3 Glass Tube

In the glass tube region, the trajectory of the CT is measured by some diagnostics:

magnetic probe, collimated fiber, and fast-framing camera. The glass tube region

has a transverse magnetic field, which is comparable to the C-2U confinement axial

magnetic field. The magnetic field extends along the machine axis for ∼70 cm

from the entrance of the glass tube. Separatrix position of C-2U FRC is situated

at about 40 cm from the confinement-vessel wall. The virtual FRC separatrix

position on our test stand is around the middle of the transverse coil.

The schematic end-view of the diagnostics setup on the glass tube is illustrated

in Fig. 5.6. The collimated fibers aligned along y-axis at intervals of 2.5 cm

and can move along the machine axis ranged from 39 cm to 62 cm on the glass

tube. Therefore, this fiber array can measure upward and downward motion of

the plasmoid the transverse magnetic field which is caused due to the interaction

between external magnetic field and the current of CT interactions. The CT pushes
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aside the magnetic flux when it penetrates into it. So the magnetic probe array is

installed outside surface of the glass tube at intervals of 10 cm along the machine

axis as shown in Fig. 5.4, to measure the fluctuation of magnetic field while the

CT penetrates.

y

x
17 cm

Magnetic Probe

Magnetic Probe
Collimated Fiber

Transverse Coil Glass Tube

C
ur
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nt
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Figure 5.6. Schematic end-view of diagnostics setup on the glass tube.

5.4 Typical Waveforms on the Drift Tube

Figure 5.7 shows the time evolutions of typical waveforms on the MCPG and drift

tube: (a) gun current and voltage between electrodes, (b) magnetic field on the

drift tube, (c) and (d) signals from PMTs. In case of Fig. 5.7, the centroid of

the CT is around the peak of the magnetic probe signal. The CT was ejected at

around 15 µs as shown in Fig. 5.7(c). The length of the CT can be estimated from

the CT’s velocity and the magnetic probe’s pulse width. Typical CT parameters

are listed in table 5.1.
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Figure 5.7. Time evolutions of the typical waveforms on the MCPG and drift tube: (a) gun
current and voltage; (b) magnetic field at the wall inside vacuum on the first port; (c) and (d)
the first and the second PMT signals, respectively. The distance of the Fiber 1 and 2 is 51.4 cm.
Filled region indicates the signal due to CT in (c).

Table 5.1: Typical CT parameters on the drift tube.

CT parameters

Average velocity (km/s) ∼100
Average electron density (cm-3) ∼1.9×1015

Electron temperature (eV) 20− 40
Length of CT (cm) ∼50
Mass of CT (µg) ∼12

5.5 CT Energy

Figure 5.8 shows the energy density estimated from the electron density and veloc-

ity. Since required energy is 4 kJ/m3 for the C-2U external field, the energy density

must be higher than 4 kJ/m3. To estimate the energy, we have used the disper-

sion interferometry for the electron density measurement and collimated fibers to
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estimate the average velocity. Usually, the ejection velocity can be controlled by

changing the stored energy, the bias magnetic field, and the amount of gas. Figure

5.8 changed only amount of gas. Other parameters such as stored energy is fixed.

In case of slower velocity, gas volume is higher than faster speed case. To control

the gas volume on our device, the gas puff system can control the gas duration

and back ground gas pressure. The achieved kinetic energy density satisfies the

requirement. Therefore, the CT can penetrate the transverse magnetic field to fuel

the FRC.
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Figure 5.8. Correlation between electron density and velocity in the drift tube. < ne > and Ek

are average electron density and kinetic energy from density and velocity, respectively. Required
energy to penetrate is 4 kJ/m3.

5.6 CT Penetration into Transverse Magnetic Field

In order to evaluate the behavior of an injected CT inside the transverse field,

the CT injection into the transverse field was demonstrated with the tokamak’s
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external field at JFT-2M with high magnetic field, i.e., greater than 1.0 T [28]. It

was confirmed that the CT shifted by Lorentz force between poloidal current of

the CT and the external field. On the other hand, the magnetic field of the FRC

is smaller than tokamak. Therefore, we should evaluate the trajectory of the CT

inside magnetic field. In this section, we describe the CT’s trajectory inside the

external field such as FRC device.

A CT passes through the drift tube and then penetrates a transverse magnetic

field. Figure 5.9 shows time evolution of magnetic signals obtained from the upper

and the lower arrays. The schematic end-view of the diagnostic setup on the

glass tube is illustrated in Fig. 5.6. Both magnetic probe arrays are arranged

at positions away from the axis of the coil; therefore, the measured magnetic

field at the probe position is weaker than on-axis. Left figure shows vacuum

field at probe position before CT penetration from each position; the red line

shows upper side, blue line shows bottom side, as shown in Fig. 5.6. The typical

position of separatrix rs of C-2U FRC is depicted in Fig. 5.9 to indicate the

CT penetration; the line indicates the distance from the vessel wall to separatrix

radius. When a CT penetrates the transverse magnetic field, the injected CT

excludes the magnetic flux and the magnetic probe signal decreases because the

direction of the magnetic field change by excluding the transverse magnetic field.

Also, the glass chamber is not a flux conserver. Right figure on Fig. 5.6 shows

fluctuation of the each magnetic probes. The first magnetic probe at z = 21.1 cm

was detected the fluctuation at t = 34 µs. The CT’s velocity can be estimated

by time-of-flight method from the magnetic probe measurement. The estimated
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axial velocity reaches 100 km/s at the initial time as indicated by solid lines in the

figure. This speed is consistent with the one obtained on the drift tube and and

it reach at the z = 41.1 cm, which is position of the separatrix radius.

Figure 5.10 shows a relationship between magnetic probe and PMT signals.

As shown in Fig. 5.7(d), the CT starts to travel into the glass tube region around

t = 30 µs. In the case shown in Fig. 5.7, the CT penetrates the field at t = 32

µs, and then the probe signals on z = 20 − 30 cm decrease. The collimated fiber

array also shows an enhanced emission around z = 42, 60 cm at t = 30 and 32 µs

shown as contours in Fig. 5.10. At these times, the magnetic signals at 40–60 cm

do not decrease. We can assume that this emission is from initial plasma, which

was generated by the initial high-voltage breakdown between electrodes. Due to

an injected plasma, the transverse magnetic field is frozen and the magnetic field

increases locally. Thus the magnetic field increases at emission time before CT

penetration. After CT penetration, the probe signal decreases until t = 34 µs,

and the upper magnetic probe signal changed from negative to positive (t = 38

µs). On the other hand, if the CT is injected into the glass tube without the

transverse magnetic field, it expands with Alfven time so that it is not compressed

by magnetic field. Therefore, the magnetic probes will measure the CT’s magnetic

field density. In fact, the magnetic probes measured a fluctuated magnetic flux.

To measure the trajectory and movement of the CT, we usually use the mag-

netic probe and collimated fiber arrays. However, these diagnostics cannot monitor

position clearly due to limited views, i.e., local measurement at each probe/fiber

position. Thus we needed a qualitatively different diagnostic to observe global
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motion. Accordingly, we adopted the fast-framing camera for trajectory measure-

ment of CT in the magnetic field. Figure 5.11 shows a time sequence of contour

map of emission of light inside the glass tube taken by the fast-framing camera.

Frame rate and exposure time in this shot are 600 kHz and 1.5 µs, respectively.

When the CT’s velocity is 100 km/s, displacement of the CT during exposure is

15 cm. The camera is mounted to see a side-view of the glass tube. The CT enters

from right-hand side of picture and moves to the left. The fiber array is casted

on the left side on each figure. The camera image shows similar behavior as the

fiber signal shown in Fig. 5.10 (t = 30 and 32 µs). Following the initial plasma,

the CT (core plasma) penetrates the transverse magnetic field at t = 36 µs and

moves downward.
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Figure 5.9. Time evolution of magnetic probe signals obtained by the upper array (red line) and
the lower array (dashed blue line). Left figure shows vacuum field at probe position before CT
injection; the dashed lines connecting initial peaks of waveforms. A separatrix position of FRC
corresponds 40 cm from entrance of the glass tube.
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Figure 5.10. Relationship between axial magnetic probe array (markers) and radial collimated
fiber array (contour plot). Penetration of CT starts around 30 µs. Area scanned by fibers is
from 39 cm to 62 cm in z direction and ±8.5 cm in y direction.

64



CHAPTER 5. CHARACTERISTICS EVALUATION FOR COMPACT
TOROID INJECTOR

t=33 μs t=36 μs t=39 μs t=43 μs

Center Line

Triple 
Probe Fiber Array

Entrance

02040

0

5

-5
cm

z (cm)

y 

Figure 5.11. Time evolution of light emission taken by the side-view fast-framing camera. Shutter
speed and exposure time are 600 kHz and 1.5 µs, respectively. Black line shows the CT’s
trajectory.

5.7 Multi-pulse CT ejection/penetration

The multi-pulse CT injection system constructed on the test stand and tested.

This system can operate with 2 CTs, as shown in Fig. 4.6. The gas puff does not

necessary for second CT because the neutral gas is already distributed inside the

vacuum region which is puffed for the first CT penetration.

Figure 5.12 shows a comparison of the line-integrated electron density between

first and second CTs. T = 0 is a trigger time of the main discharge. The gas puff

turn off a power supply at t = 0. To compare the electron density, the duration

of the gas puff valve varied, and other conditions such as gas pressure and bias

magnetic field were fixed. The first CT’s density decreased about 30%. On the

other hand, the density of second CT did not change. As a reason of this result,
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the neutral gas spread along the machine axis by thermal diffusion. Thus the CT

ionizes a neutral gas and scrambles up plasmas. Then CT’s density increases.
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Figure 5.12. Comparison of line-integrated electron density between first and second CT. T = 0
is trigger time of the main discharge. The first CT can control density by varying gas puff
duration. On the other hand, the density of second CT does not show the relation.
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6.1 Setup for the CT Injection on the C-2U

6.1.1 Installation of the CT injectors

Figure 6.1 shows the installation of the location of the CT injectors on the C-2U

confinement vessel which has an inner diameter of 1.4 m. Figures 6.1(a) and 6.1(b)

shows the top and axial views from the south side, respectively. The CT injectors

were mounted on the NC and SC plane. The north CT injector was mounted on

the 45 degrees port at the NC plane. On the opposite side, another CT injector

was mounted on the 225 degrees port at the SC-plane. Also, both CT injector

is oriented at the angle with respect to the z-axis and both CT injector installed

on C-2U 180 degrees apart as shown in Fig. 6.1(a), and vertical angled such that

the injected CT’s trajectories intersect at the center of the confinement vessel as

shown in Fig. 6.1(b). The angles of each CTIs are; North CT is -26.1 degrees from

A-plane and -42 degrees from vertical. South CTI is 29 degrees from A-plane and
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-39.3 degrees from vertical. Also, both CTI has a distance of 1 m.

The south CT injector which mounted on the lower side has a multi-pulse

system that can inject two CTs with a repetition rate up to 1 kHz. Therefore, we

can inject the 3 CTs in the configuration lifetime of the C-2U FRC: One CT by

the North injector and 2 CTs by the South injector.

To assess the CT trajectory inside the confinement vessel, we mounted the

fast-framing camera onto the confinement vessel. Figure 6.2 shows the location of

the fast-framing camera. The camera was mounted on the NJ port and slightly

looks up from the downside. The viewing angle was covered overall from middle of

a vessel to formation section. Therefore, the both CT’s trajectory is covered and

able to see by a camera. Also, the FRC’s motion also can take a picture/movie.

In this section, we mention diagnostics system to assess the injection on the

C-2U confinement vessel, and results describe what had happened by CT injection.
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Figure 6.1. Installation position of the CT injector on the C-2U vessel. (a) Top-view and (b)
Axial-view from south.
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Figure 6.2. The location of the fast-framing camera. The camera was mounted on the NJ port
and slightly looks up from the down side.

6.1.2 Diagnostic suits

On the C-2U device, many diagnostics install on the confinement vessel [46], that

includes magnetic sensors [36, 45], interferometry [15], spectroscopy [16], bolome-

tory [46], fast ion measurement [13,23]. The role of the main diagnostics to inves-

tigate a behavior of global FRC motion are as follows;

1. Magnetic probe

The magnetic probe are used as a magnetic sensor and installed inside the

confinement vessel in order to metal chamber. The geometries of the FRC

such as excluded-flux radius r∆φ, length ls, and volume V are measured by

magnetic probes. The separatrix length ls is defined as the half-width of

the axial profile of excluded-flux radius. The volume V of an FRC estimate

from the distribution of the excluded-flux radius along the z-axis. Then, the

70



CHAPTER 6. COMPACT TOROID INJECTION INTO FRC

volume can define as V =
∫
πr2∆φdz.

Figure 6.3. Schematic showing the location of magnetic probes in the linear and azimuthal arrays
on the confinement vessel (adopted from [45]).

2. CO2 interferometer

To measure the electron density inside the confinement vessel, the CO2 in-

terferometry is used. Figure 6.4 shows the interferometry system at the

mid-plane. The impact parameters of the probe beams are -3.3, -15, -20,

-25, -30, and -35 cm. When a probe laser beam is propagating inside the

plasma, the phase change due to plasma is directly related to plasma electron

density. So the phase shift by electron is defined as;

φp = 2.82× 10−15λ

∫
nedl (6.1)

where λ is the laser wavelength in vacuum, and integration is showing the

line-integrated electron density. The wavelength of CO2 laser is 10.6 µm.
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Figure 6.4. Enclosure box and opical layout on vertical breadboard: (F) focusing mirror, (BC)
beam combiner, and (L) lenses (adopted from [15]).

3. Spectroscopy

Figure 6.5 shows schematic and viewing chords for the viewports C and E.

• Ion Doppler Spectroscopy

To simultaneously measure the ion temperature at different radial and

axial locations, a multi-chord ion-Doppler diagnostics is developed. The

viewport on the C-2 device are located at C-port, which is symmetric

to the machine center. The ion Doppler spectroscopy system is applied

to observe the temperature of impurities ions in FRC. For high temper-

ature FRC plasma, an Oxygen-V emission line is typically selected.

• D-alpha Emission

The eight channels D-alpha monitors are developed to measure the ab-

solute intensity of the Deutrium-alpha line, which is Balmer-α line emis-
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sion. For the light signal with spectral radiance S (λ, t) collected by the

collimator of area Ac and the solid angle Ω of a D-alpha channel, which

uses a filter with normalized response function F (λ), the PMT signal

current I (t) is give by

I (t) = KΩAc

∫
F (λ)S (λ, t) dλ (6.2)

where K is a proportionality constant that accounts for detector gain,

response.

Figure 6.5. Schematic and viewing chords for the viewports C and E. Left illustration shows the
locations of these view ports on the symmetric-half of the confinement vessel. Right illustration
shows the line of sight of the each collimators (adopted from [16]).

4. Bolometry

On the C-2U confinement vessel, bolometers are installed to measure the

total particle flux and neutral particle energy emitted by FRC and the con-

finement vessel wall. The bolometers are mounted in fan-array; thus, signals

can indicate the FRC’s global motion/instabilities, such as wobble (n = 1)

motion.
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5. Fast Ion Measurement

The fast ion which is generated from the NBI distributes around the FRC.

This particles works for well confinement the FRC, i.e., the pressure of the

FRC is balanced between FRC’s pressure, external magnetic field, and fast

ion’s pressure. For the measurement of the fast ion, the neutral particle ana-

lyzers (NPA) are employed. The escaping fast hydrogen atoms are detected

by an NPA. A neutral beam can provide a local source of atoms in the core

plasma with which fast-ions can charge-exchange. In addition, the secondary

electron emission detector is used in order to measure the shine-through of

the NBI [14].

6.1.3 Estimation of penetration depth of CT into vacuum

As mentioned in CTI test stand section, the CT must cross the external field, which

is surrounding the FRC. Therefore we simulated by constructing the transverse

magnetic field on the test stand. As a result, the CT could pass through the

transverse magnetic field. The next step we tested a penetration into the vacuum

confinement vessel on the C-2U confinement vessel. This section shows the result

of CT injection into a vacuum vessel.

Figure 6.6 shows a composite image which of CTI only and FRC only. The

CT was penetrated from lower port, as shown in Fig. 6.6. A dashed line shows

the excluded-flux radius. At this time, FRC’s radius was 33 cm. From this esti-

mated value, the diameter of CT at this time was 8.0− 9.0 cm. This means that

the penetrated CT did not compress by magnetic field. Also the penetrated CT
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reached separatrix easily, i.e. the CT can easily collide with FRC.

FRC

CT trajectory

Formation section
CT port

66 cm (rs ~33 cm)
8.0-9.0 cm

Figure 6.6. Composite image which of CTI only and FRC only.

6.1.4 Measurement of CT’s density by CO2 interferometer

The trajectory of the injected CT passes to the vicinity of the CO2 interferometer

chords. Thus the interferometer will be measured the density of the moving CT.

Figure 6.7 shows time evolution of the line-integrated electron density measured

by CO2 interferometer. The CT come from south CT injector then the signal is

started from the outer chord. Therefore the CT did not travel across the chords

between -30 to -35 cm. On the other hand, the CT passed through the innermost

chord at y = −3.3 cm while it is keeping the high density (∼ 3 × 1015 cm−2 at

y = −3.3 cm).
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Figure 6.7. Time evolution of line integrated electron density by CO2 interferometer. The CT
injector was triggered at 4 ms in this shot and the CT is penetrated into the confinement vessel
without the FRC.

6.2 Results of CT Injection into C-2U FRC

6.2.1 Optimization of CT injection time

As shown in the introduction section, the recent FRCs are sustained by NB sys-

tem, and the lifetime is dramatically extended. However, the particle inventory

decreases by spontaneous particle loss. Also, the energies of the FRC such as

thermal energy and magnetic pressure is also decayed. Therefore, the CT injec-

tion needs an estimation of the injection time to keep power balance. To estimate
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the CT injection time, the CTs injected in an interval with 0.5 ms from one side.

Figure 6.8 shows a comparison of effect of the CT injection time. As a result, the

rate of increase of particle number tended to be low in late time. Thus, the timing

before 2.0 ms satisfies minimum requirement on C-2U.
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Figure 6.8. Comparison of effect of the CT injection time. (a)time evolution of the particle
number for each CT injection time. (b)Increased particle rate of each CT injection.

6.2.2 Change in Geometry of FRC by CT Injection

Figure 6.9 shows the time evolution of the FRC geometry: separatrix radius, a

length of the FRC, and volume of the FRC. The CT injected at 1.0 ms and 3.5

ms in this shot. At 1.0 ms two CTs are injected at the same time from both side,

and single CT injected from south side at 3.5 ms. The separatrix radius is shriven
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by the CT injection. However, disruptive reduction of the separatrix radius is

not shown in this shot. The length of FRC also shrunk at the same time with

separatrix radius. According to these result, the volume of FRC reduced by the

CT injection.

Due to decrease the poloidal flux, a resistivity inside the FRC will increase by

increasing in particle inventory [12, 20]. The magnitude of the poloidal flux can

be determined from maxwell’s equations. The changing rate of poloidal flux is

defined as

dφp

dt
= −2π(rEθ)r=R (6.3)

where the Faraday’s law applied the integral form over the area, and Eθ is an

azimuthal electric field. This equation means that the poloidal flux loss occurs at

magnetic axis, r = R. Using a simple Ohm’s law, the relation between resistivity

and field is produced

dφp

dt
= −2πR

(
η

µ

dBz

dr

)

r=R

(6.4)

From this equation, it proved relationship of poloidal flux loss rate at field null

point which is magnetic axis on the FRC. In addition, the field gradient dB/dt

can be written as

dBz

dt
= Bz

(
−1

2

d2β

dr2

)1/2

(6.5)
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where, β is average beta. Also, the resistivity is defined as Spitzer resistivity ηsp.

ηsp = 0.51
m1/2

e e1/2 lnΛ

3ε20(2πTe)
3/2

(6.6)

= 1.65× 10−9 lnΛ

Te(keV)
3/2

(Ω ·m) (6.7)

where lnΛ is coulomb logarithm. In usual plasma as fusion device, it use 15 ∼ 20

as a coulomb logarithm. In usual, the resistivity at the null-point compares to

the resistivity of the classical model ηsp. Actual an inferred resistivity has an

anomaly factor, η/ηsp is greater than 8 − 20 times. Also, as a theory of based

on turbalence from low-frequency-drift (LFD) instabilities has been developed for

FRC to explain the flux and particle loss in an FRC [24]. A crude estimation of

the confinement time of the poloidal flux τφ from LFD derive;

τφ ≃ 3× 10−8Br2s
Te (1 + Te/Ti)

1/2
(6.8)

From eq. 6.7 and 6.8, the decaying rate of the poloidal flux is defined by cooling

the electron temperature. Due to this relationships, the FRC which was injected

CT cooled the electron temperature by increasing the particle inventory, or the

CT cooled the FRC due to lower electron temperature. Therefore, the FRC is

shrunken.

Figure 6.10 shows poloidal flux decay late. The poloidal flux is decreased with

the lapse of time due to CT injection. Figure 6.10(a) shows the time evolution

of the poloidal flux, and figure 6.10(b) shows a decrement of poloidal flux dφ/dt
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in 1 ms. The CT was injected at 1.0 ms and 3.5 ms. After CT injection, the

poloidal flux signal decreased sharply which compared with the decaying rate of

the without CT injection case. On the other hand, the decaying rate changed to

slower after a few hundred microseconds as shown in Fig. 6.10(b). So, the FRC

with CT relaxed and mitigated to usual FRC. From this meaning, the refueled

FRC preserved a configuration as an FRC.

Both Side
(2 CTs) South Side

(1 CT)

R
s (

cm
)

l s (
cm

)
V 

(m
3 )

Time (ms)

Figure 6.9. Time evolution of FRC geometry: separatrix radius, length, and volume.
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Figure 6.10. Time evolution of: (a) poloidal flux w/ and w/o as function of time, and (b) decay
rate of poloidal flux. Green line shows w/o CT, blue line shows w/ CT, and red line shows
differential between w/ and w/o CT. The decay rate was changed after CT injection. On the
other hand, the decay rate after a few microseconds changed to same decay rate with case of
w/o FRC.

6.2.3 Density and Particle Number

Figure 6.11 shows the time evolution of the line-integrated electron density of each

chord: y = -3.3, -15, -20, -25, -30 and -35 cm. Figure 6.12 shows a comparison

of the line-integrated electron density between the cases with and without CT

injection. The red, black, and blue lines indicate: with CT injection, without CT

injection, and the difference between with and without CT injection, respectively.

Line-density measured by chords around the center (-3.3 and -15 cm) is increased

at injection time and maintain higher density. On the other hand, there is no

significant change in outer chords. As shown in Fig. 6.9, the FRC shrunk at

the CT injection time (t = 1.0 ms and 3.5 ms). The interferometry measures

the line-integrated electron density along the path of the laser. Usually, the line-
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integrated density decreases when the FRC shrink because a path length of the

laser is reduced if the averaged density does not change. However, the density

innermost chord increased for long stretch of time. This result suggests the CT

enters core region of FRC and then supplies particles into the FRC. The increased

rate of density at both injection times is 20% and 14%, respectively.

Figure 6.13(a) shows the time evolution of the particle number, and Figure

6.14 shows a comparison of the particle number with and without CT injection.

To estimate the particle number of an FRC, the volume and the averaged electron

density is used, i.e., V · ⟨ne⟩, where ⟨ne⟩ is averaged density from line-integrated

electron density and diameter of the FRC. The particle number increased 17%

(∼4×1018) due to first CT injection. The rise time of the CT injection was a few

hundred microsecond in this shot. Usually, the diffusion time of the CT in vacuum

magnetic field is from a few ten microseconds to no longer than 100 µs. Therefore,

that time scale suggests that the CT was surely injected into the core region of

FRC. The FRC retained the particles injected by the CT for a long stretch of time.

On the other hand, the second CT injection at 3.5 ms does not shows significant

particle number increase. From these results, the CT should be injected before

decreasing phase of the FRC, i.e., the FRC cannot absorb a CT in this period

because the confinement magnetic flux of FRC is decreased. Figure 6.13(b) shows

the peak flux of the FRC. When the CT is injected, the FRC’s flux decreased at

both CT injection times. The flux at second CT injection is more than twice as

small as the flux at the first CT injection, i.e., the FRC size is considerably smaller

than at the first injection. Therefore, the increase of the particle number could
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not be seen.
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Figure 6.11. Time evolution of the line-integrated electron density of each chord: y = -3.3, -15,
-20, -25, -30 and -35 cm. Line-density measured by chords around center (-3.3 and -15 cm) are
increased at injection time and maintain the higher density. On the other hand, there is no
significant change in the outer chord. after CT injection.
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Figure 6.12. Comparison of the line-integrated electron density with and without CT injection.
The red and black lines are with and without CTI, blue line indicates difference of the densities.
The line-integrated density was increased 20% (0.4×1015 cm−2) at 1.0 ms by CT injection on
the central chord.
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6.2.4 Ion Temperature

Figure 6.15 shows the time evolution of the ion temperature at impact position.

The CT injected at 1.0 ms from both side, and then it was decreased from around

500 eV to 300 eV. However, the restoring time was 0.5− 1.0 ms of time to unalter

original temperature rate. The rise time of the temperature correlated with the

stabilization time of the magnetic flux, as shown in Fig. 6.10.

On the other hand, the density increased over the 1.0 ms after CT injection.

Consequently, it was confirmed that the CT fueled the particles inside the FRC,

and then the FRC cooled due to increasing the density, or the CT was cooled FRC

because of lower temperature. The rate of decrease in the ion temperature is more

conspicuous than the increase in density. Also, the FRC settled to normal FRC

behavior about 1.0 ms after particle fueling. In addition, the degree of the rise

tends to become late towards the outer shell of the FRC, i.e., the rise time of the

ion temperature at the center chord is faster.
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Figure 6.15. Time evolution of ion temperature at impact position.
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6.2.5 FRC Global Motion

CT injections from one side and both sides (counter injection) also have been tried

and the effect of asymmetrical injection has been investigated.The disruptive ef-

fects are minimized when CTs are injected in such a way as to cancel injected

azimuthal momentum. Figure 6.16 shows the effect of CT injection on the trajec-

tories of the FRC axis. To estimate the motion of the FRC, the bolometer array

at mid-plane used. Figure 6.16(a) is the trajectory on the single side injection

case and (b) traces the counter injection case. In the case of single side injection,

wobble motion is triggered, and the FRC rotates in the momentum direction of

injected CT. To reduce the effect of asymmetrical momentum injection, counter

injection has been conducted. In the counter injection case, the wobble motion is

not observed because the radial momenta of the 2 CTs is canceled.
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Figure 6.16. Trajectories of the FRC axis before (blue line) and after (red line) CT injection.
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6.2.6 Dα Emission and Bremsstrahlung

Figure 6.17 shows the time evolution of the Dα emission on the NC and NE plane.

In the case without CT injection, there is a small amount of emission from the FRC

after collisional merging formation. However, CT injection cause Dα emission. In

general, the CT which is generated by MCPG has a lot of neutral trailing gas.

That neutral gas flows into the confinement vessel and comes into with the FRC.

Then it increases Dα line emission on the periphery of the FRC . Figure 6.18

shows time evolution of Dα signal at the NC plane and the fast camera images.

The fast camera conditions are: the frame rate of 20 kHz and exposure time for

each frame is 50 µs. The first CT image shows a domain in which blue and green

color are dominant. After CT is injected, the trailing gas enters and touches to

the FRC, then neutral gas emits for a few hundred µs or more. This emission is

distinct for the first CT sequence. At the second CT injection, the emission from

the trajectory of the CT and collided gas are brighter than first CT as shown in

the Dα measurement. From this figure 6.17, it is suggested that the neutral gas

puffed to generate the first CT reaches the confinement vessel at 2.2 ms and then

second the CT excites it. On the NE plane, we can verify the emission of the Dα.

From this result, the neutral gas was diffused along the surface of the FRC in both

z and theta directions. The second CT image shows a domain in which red color

is dominant. This mean that the energy state of the penetrated CT is lower state.

Figure 6.19 shows time evolution of the bremsstrahlung measured on the same

plane with Dα. The bremsstrahlung mainly depends on an ion/electron density

and an electron temperature, i.e., I ∝ n2
e/
√
Te, where ne, and Te are electron

88



CHAPTER 6. COMPACT TOROID INJECTION INTO FRC

density, and electron density, respectively. Thereby, the dominant factor of the

bremsstrahlung is electron density. In other words, the intensity of bremsstrahlung

indicates increased density inside the FRC. The intensity of bremsstrahlung as

shown in Fig. 6.19 and the density and particles in Fig. 6.12 and 6.14 are consistent

with each other. On the other hand, the bremsstrahlung is not increased at the

second CT. Corresponding to this result, the particle number inside the FRC did

not increase as shown in Fig. 6.13.

0 0.5 1.5 2.5 3.51.0 2.0 3.0 4.0

0

0.5

1.0

1.5

2.0

0

0.5

1.0

1.5

2.0

Time (ms)

In
te
ns
ity
 (a
.u
.)

w/ CT
w/o CTI

shot #48468 (w/), #48500 (w/o)

(b) NE plane

(a) NC plane

Figure 6.17. Time evolution of the Dα emission on the (a) NC and (b) NE plane. Red line is
FRC with CT and blue line is FRC only.
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Figure 6.18. Fast-framing camera images of the CT injection. The frame rate is 20 kHz, and the
exposure time for each frame is 50 µs.
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Figure 6.19. Time evolution of the Bremsstrahlung on the (a) NC and (b) NE plane. Red line
is FRC with CT and blue line is FRC only.

6.2.7 Effect corresponding to the fast ion

Figure 6.20 shows the time evolution of the neutron signal. The neutron signal

is decreased by CT injection quickly. In addition, the separatrix radius started

shrinking after the CT injection. But, we did not see the rapid decay of the

separatrix radius unlike the neutron signal. Usually, the neutron signal follows

the separatrix radius, i.e., the neutron signal is lost when the neutral beam is

terminated or FRC is dies. However, a shape of the FRC is maintained even after

CT injection. So, the CT might have disrupted the fast ions. Thus the pressure

balance which surround the FRC was lost. Confinement time τ of the fast beam
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ion depends on electron temperature and electron density, i.e. τ ∝ Te/ne. In other

words, the fast ions were decayed by cooling and increase of electron density in

the FRC.

Additionally, the fast ion will be decayed by a charge-exchange with neutral

gas which is poured into CT injector to begin the breakdown. The injected neutral

gas will be spread surround the FRC, and then the fast ion which has large Larmor

radius hits with neutral gas. Therefore, the neutron signal started decaying, and

pressure balance around the FRC changed.
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Figure 6.20. Time evolution of the neutron signal. The neutron radiation is lost by CT injection
at 1 ms.
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6.2.8 Deposit Neutral Beam Power into FRC

As mentioned in the introduction, the neutral beam power is necessary deposited

to make as much as incident as possible. To estimate the deposition rate, the

shine-through measurement use [14].

Figure 6.21 shows a shine-through detection for each NBs. These signals are

normalized by the value before FRC merging. As mentioned above, a shine-

through affect density and temperature of the core plasma. After colliding the

FRCs, the shine-through decrease in order to deposit the NB power into the FRC.

At 1.0 ms, the shine-through rate was decreased by increasing the density. After

that, the signal remains reduced. That is, we succeeded in injecting more energy

for a long time. As a result, it is presumed that it is possible to increase the beam

energy. The neutral beam power can increase by the ramp up the acceleration

voltage for the beam, then the current becomes easily increasable, i.e., the input

energy increase. Thereby, the neutral beam can deposit more energy to FRC. In

other words, a high power can be supplied with NBI of the same port area.
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Figure 6.21. Time evolution of intensity of shine-through of neutral beams. CT injected at 2 ms.
Red (dashed line) and Blue (solid line) are w/o CT and w/ CT case, respectively. These lines
are NB source NB2, and gray lines are another NB’s signals. The intensity is decreased after
injection. This means that the NB power was deposited into FRC. Then shine-through dropped

6.2.9 Shine-Through Rate

The measurement path of the shine-through is similar with density measurement

by interferometer. As shown previous section, both measurement items across

around the center of FRC. Since this location, these signals can evaluate as an

FRC’s behavior. As a role of these diagnostics, the CO2 laser interferometry can

measure an FRC’s density. On the other hand, the shine-through measurement

can measure the proportion of particles that did not ionize. However, it is difficult

to estimate the behavior of an FRC by shine-through measurement because this

measurement includes some plasma parameters, such as density. The interferom-

etry can measure the plasma density only. Thus it will can estimate the cause of

variation in a decreasing and increasing rate of shine-through.
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The variation of the density is changed when the FRC shrink varied with time.

When the CT penetrated FRC, the line-integrated density increased, as shown

in Fig. 6.12. In addition, the shine-through rate decreased, as shown in Fig.

6.21. In the previous section, we described that injection energy from neutral

beams deposited into the FRC due to increment of density. A sine-through rate

will be determined by a density distribution inside of FRC. The interferometry is

determined by FRC’s density, surrounded density of FRC is smaller than inside

FRC. Therefore, we will use both measurement to assess the behavior of FRC.

Figure 6.22 shows a comparison between nedl and shine-through rate. The

increasing rate of the nedl is 18%, and the decreasing rate of the shine-through is

38% after CT injection. To define the time constant τ of nedl and shine through

rate after CT injection at 1.0 ms, we assumed that both waveform will be decayed

exponentially y = y0 + Aexp
{
−x−x0

τ

}
, then the time constant τ are; τnedl is 0.47

ms and τst is 0.59 ms, where τnedl is time constant of nedl and τst is time constant

of shine-through. From this result, increment of ionization rate is considered as

an effect by increasing a density.
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Upgrade of the CT Injector

As shown in section 6.2, the CT can fuel the particles into the FRC with particles.

However, the trailing gas, which follows the penetrated CT, flows into the confine-

ment vessel and potentially cools the FRC plasma. In order to decrease this trailing

neutral gas from the CT injector, we have been developed the Pre-Ionization (PI)

technique. The concept of this technique is similar with Pulsed-Plasma Thruster

(PPT), also know as a plasma jet engine [11]. The discharging electrode is made

of semi-rigid coaxial cable with teflon insulator. The material of the inner and

outer electrodes are copper and the diameter of the outer electrode is 6.5 mm.

The initial plasma discharge is initiated between electrodes with an arc across the

insulator. The maximum charging voltage is 10 kV. Then it assists the breakdown

of the CT injector. Thus, the amount of initial neutral gas can be reduced. Figure

7.1 shows (a) the PI source on the CT injector and (b) cross-section of the PI

source. The outer electrode of PI is grounded through the outer electrode of the

CT injector. The plasma generated by PI is accelerated by Lorentz-force and then

filled neutral gas is ionized localy.
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(a) (b)

Figure 7.1. Picture of the PI source on the CT injector. (a) Installation of the PI source and (b)
cross-section of the PI.

7.1 Effect of PI on Gun Voltage

Figure 7.2 shows the discharge voltage with and without PI. The PI started 20 µs

before gun discharge. In the case without PI, the breakdown is delayed about 1 µs.

On the other hand, the breakdown with PI is initiated just after triggering of the

main bank. So, this suggests that the initial gas pressure to start the breakdown

can be decreased. By using this technique, we can operate the injector with the

lower initial gas pressure.
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Figure 7.2. Comparison of the gun voltage with and without PI.The solid line is with PI, and the
dotted line is without PI. Initially filled gas pressure is also same in those case. The breakdown
is faster with PI.

7.2 Comparison of Light Emission on the Glass

Chamber

Figure 7.3 shows time evolution of light emission in the glass tube with 40 psia,

30 psia, and 25 psia initial gas fill. Usually, developed CT injector is filled with

40 psia of initial gas pressure because 30 psia is hard to breakdown. A traveling

CT emits the large pulse between 28− 35 µs, as shown in Fig. 7.3. Following the

signal by CT, is the trailing gas. The emission of the trailing gas under the 40 psia

is higher than 30 psia and 25 psia. As a result, the amount of trailing gas can be

easily controled and decreased by using the PI technique.
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Figure 7.3. Comparison of the PMT signal on the glass tube between 40 psia, 30 psia, and 25
psia.

7.3 Result of CT Injection with PI source

The PI source was mounted on the South East CT injector for the test injection

with pre-ionization source. In this section the primary result of the CT injection

with PI system is described. In this series of experiments, a CT is injected at 3.5 ms

from SC CT injector. Figure 7.4 shows the time evolution of the geometry of the

FRC: separatrix radius, length, and volume. There is no apparent change in the

global structure of the FRC compared to the case without PI. The line-integrated

electron density is increased on the center chord, and the particle number is in-

creased 12% by CT injection, as shown in Fig. 7.5 and 7.6. That increased particle

number is approximately 1×1018. On the other had, the flux was decreased after

CT injection as seen on the case without PI. However, the separatrix radius did not
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experience the same stair-like drop. Intensity of Dα emission is lower compared

to the the case without PI as shown in Fig. 7.7. So, this suggests that the trailing

neutral gas is significantly smaller than the case without PI. Figure 7.8 shows the

bremsstrahlung emission. The bremsstrahlung emission is slightly increased at NE

plane as refueling increases particle number. But the increase was not as dramatic

as in the case without PI. Figure 7.9 shows the comparison of the neutron signal

between the cases with/without PI. The neutron signal without PI is decreased

quickly after injection. On the other hand, no changes are seen in case with PI.

Also the decay time is changed slowly after CT injection. As mentioned above the

trailing gas is reduced by using PI technique.
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Figure 7.4. Time evolution of FRC geometry: separatrix radius, length, and volume. The CT
injection was 3.5 ms.
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with PI and blue line is without PI. The neutral gas does not flow inside the confinement vessel.
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Figure 7.9. Time evolution of the neutron signal. The neutron radiation is not lost by CT
injection with PI at 3.5 ms. The filled region means the decay time of the neutron signal after
injection. In case of the with PI, the decay time is longer than the case without PI.
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Summary

A compact toroid injector developed for the FRC plasma at Tri Alpha Energy,

which is the largest in the world. The C-2U FRC device has achieved over 10

ms by neutral beam injection and heating. The role of neutral beam injection is

an injection of neutral particles with 15 keV. Therefore, an energy confinement

time of FRC extended and improved confinement condition. However, it is not

enough just to fuel the particles for FRC. Thus the particle refueling technique is

most important to extend the lifetime. Hence we have started developing compact

toroid injector system. The result describes as below.

1. Development of CT injector

We developed a compact toroid (CT) injector as a original model for par-

ticle refueling to FRC device. The dimension of the CT injector are; the

diameter of outer and inner electrode are 83.1 mm as an inner diameter and

54 mm as an outer diameter, respectively. The achieved parameters are as

follows: velocity ∼ 100 km/s, electron temperature 20−40 eV, electron den-
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sity ∼ 1.9 × 1015cm−3, and mass of CT ∼ 12 µg. The required energy to

penetrate/inject to FRC is 4 kJ/m3, and the actual CT’s energy was over

20 kJ/m3. Also, the multi-pulse circuit had been developed to increase a

number of CTs. The repetition rate is up to 1 kHz, which is the fastest

repeatability in the world. Therefore, the CT injector can inject up to 3

CTs.

2. Result of CT Injection into FRC

The two CT injectors installed onto the confinement vessel on the C-2/C-

2U device and a multi-pulse system mounted on one side. Also, the CTs can

control independently. As a result of single side injection, the particles inven-

tory increased. However, the wobble motion was triggered due to injection

of the CT’s momentum. On the other contrary, when the CT injects from

both side at the same time, there was no significant motion such as wobble

motion because the momentum was canceled. In the case of the counter CT

injection, the particle inventory increased 20% at injected time. Moreover,

the decaying rate of the poloidal flux was accelerated at CT injection time

because the toroidal current decreased by increasing the particle inventory.

Moreover, the transmission light of the shine-through rate was reduced, i.e.,

the NB power more deposited inside the FRC.

3. Improved Pre-Ionization Technique

Actual CT injection follows the neutral gas as a trailing gas after CT injected.

The flowed neutral gas surround and touch with FRC, and then the FRC was
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cooled. Also, the fast ions disappeared. To reduce the surrounding neutral

gas, we developed the pre-ionization system. This system includes semi-rigid

cable and fast bank, which is lower capacitance with 10 kV. The principle of

this technique is similar to pulsed-plasma thruster (PPT), and a breakdown

is easier because a Teflon is used to breakdown between electrodes of the

semi-rigid cable. As a result, a puffed gas pressure reduced from 40 psia

to 25 psia. Therefore, the following neutral gas was reduced significantly.

Consequently, the hot gas signal inside the confinement vessel was decreased

and disappeared. In addition, a neutron signal did not disappear, and it

was not shown a disruption by CT injection. Moreover, the CT with PI

augmented particle inventory about 10%.
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