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Abstract

Spherical tokamak (ST) merging start-up is one of the potential candidates of the CS-free start-
up methods because of the rapid plasma heating through magnetic reconnection and resulting high
beta characteristic. To achieve high-performance ST which can be connected to additional heating
by RF or NBI using ST merging it is necessary for optimizing reconnection heating during
merging. In this thesis the electron energization mechanism during ST merging start-up, which
has not experimentally verified yet, was primarily investigated in University of Tokyo Spherical
Tokamak (UTST) experiment.

In ST merging, which includes the reconnection event in the presence of the guide field,
characteristic electron acceleration is predicted by numerical studies. The investigation has shown
that the electrons near the X point or downstream region are effectively accelerated in toroidal
direction by the parallel electric field during plasma merging. The spatial profile of the accelerated
electrons depend on the time phase during merging. In early phase accelerated electrons spread
relatively wide area at downstream region. Finally, in the almost steady phase of the reconnection
the profile become the left-right asymmetric structures along a pair of the separatrix. These results
will be important knowledges for optimizing reconnection heating during ST merging.

Furthermore, to investigate how the accelerated electrons affect the final ST equilibrium after
merging, particularly the electron temperature, plasma shape reconstruction technique of merging
plasma which is the necessary technique for evaluating the electron heating efficiency during
merging start-up quantitatively was developed. The Modified Cauchy condition surface (M-CCS)
method has been applied to reconstruct the plasma boundary shape as well as the eddy current
profile for merging ST in the UTST and the ST40. In the test calculation based on the reference
poloidal flux profile both of the UTST and the ST40 merging operation, the plasma boundary
shape has been reconstructed accurately and the eddy current profile has been also reconstructed
with fairly good accuracy. From these test calculations preparation for experimental verification

in the UTST was completed.
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Chapterl Introduction

Chapter 1

Introduction

1.1 Nuclear Fusion

Nuclear Fusion is a phenomena in which light nuclei approach and fuse together to form a
heavier nucleus. Then huge energy is released due to the mass defect following the equation
E = mc?. This reaction occurs in the central region of the sun or star and the energy generated
by the reaction is considered as energy source of them. The nuclear fusion reaction has also been
studied toward the use for a power plant. With regard to artificial generation of nuclear fusion,
the reaction between deuterium and tritium, so-called ”DT fusion reaction”, indicated in Equation

(1.1) and Fig.1.1 with largest cross section is considered as the strong candidate.

D+ T — He* (3.52MeV) + n (14.06MeV) (1.1)

\Fin’ °
o?ol N Heg

Fig.1.1 DT reaction
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Fusion power plant is widely noticed as sustainable energy source because deuterium and lithium,
which is the source of tritium, is abundant in ocean resource. To achieve burning condition of
fusion reaction, hot plasma with temperature higher than a billion [K] should be confined in a
reactor. So magnetic confinement of plasma have been widely studied. The mainstream of
magnetic confinement concept is called ‘Tokamak’, using helically twisted magnetic field
covering torus surface. This concept is employed in the international thermonuclear experimental

reactor (ITER) which is being constructed in France.

1.2 Spherical Tokamak

Conceptual diagram of tokamak is shown in Fig.1.2 (a). R and a indicate plasma major
radius and plasma minor radius. Aspect ratio A is defined as a ratio of plasma major radius
to plasma minor radius. Spherical tokamak (ST) [1] is a variant of a tokamak with a small
aspect ratio, generally less than 2 and has been studied to develop compact and economical
fusion reactor. The beta value is an important value as the economic barometer of the fusion
reactor. The volume average beta value is given by the ratio of plasma thermal pressure to

magnetic pressure as

__(p)
</3>—W,

where (P) is volume average plasma thermal pressure, B is magnetic field and 4% is

(1.2)

vacuum permeability. Since this value is very close to the toroidal average beta in tokamak

research, in tokamak research () is usually replaced by toroidal betavalue 4 =(p)/((B?)/24),

where B, is toroidal magnetic field. Then fusion output power P is given as
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Poc fBV (13)
where V is plasma volume. From eq.(1.3) increasing toroidal beta value is necessary to realize
economic fusion reactor which provides larger electricity with smaller plant scale.

But the toroidal beta value is limited by plasma instability and its scaling in tokamak plasma was

shown by Troyon as [1]

: 14
™ aB  q;A (4

where g, is the normalized beta value, | is the total plasma current, x is the elongation of

the plasma shape, q; is the safety factor at the plasma edge. Eq.(1.4) implies that the higher beta

value will be achieved in tokamak configuration with lower aspect ratio. So the ST has advantage
of high beta capability.

Furthermore the high normalized beta capability is another remarkable advantage of the ST. The

(@) (b)

Toroidal magnetic field
Toroidal magnetic field

R a

Poloidal magnetic field Poloidal magnetic field

Fig.1.2 (a) Conceptual diagram of tokamak and (b) spherical tokamak

normalized beta has the relation between g, and ﬁp:(p)/(<B§>/2ﬂo),where B, is poloidal

magnetic field, as
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(1B Y
ﬂtﬂp—25( ) j(lOOJ' (1.5)

The poloidal beta is very important value for driving bootstrap current which is necessary for

realizing steady operation of fusion reactors because fraction of bootstrap current is approximated

as

C
fboot = A_o15 pr (1.6)

where C, =0.67 is given by Cordey [2]. From Eq.(1.6), to increase the fraction of bootstrap
current decreasing the aspect ratio or increasing poloidal beta is necessary. However Eq.(1.5)
implies that s for the fusion power production and B, for the high fraction of bootstrap
current have trade-off relation. To increase both g and g simultaneously, it is important to

increase x or f,.The scaling of B, 12/ A was also reported by R.D. Stambaugh et.al [3].

This dependence on the aspect ratio has been demonstrated in the ST experiments of the world.
Figure 1.3 shows the experimentally achieved toroidal beta value for the ST and the conventional
tokamak [4]. Figure. 1.3 shows that very high normalized beta up to about 6.5 was achieved in
ST experiments even though the normalized beta limit of the conventional tokamak was about
3.5. From this high normalized beta capability, higher bootstrap current drive can be expected. In
the tokamak experiments about 90 % bootstrap current already has been demonstrated [5].
However, in the ST almost 100 % bootstrap current is predicted [1, 6, 7]. Thus the ST has
promising configuration which has capability of both high beta and steady operation.
Nevertheless, the start-up scenario of ST as a reactor has not yet been well established
because it is not advantageous to employ conventional inductive current ramp-up schemes
using a central solenoid (CS) coil. Because the small aspect ratio of an ST reduces the
available space in the central region of a vacuum vessel, the CS coil significantly restricts the

flexibility of the reactor design. Therefore, the development of a CS-free start-up method is
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one of the most important issues facing ST reactors. Various types of start-up methods, such as
introductions of the electron cyclotron wave, the electron Bernstein wave [8, 9], the lower hybrid
wave [10], the coaxial helicity injection [11-14], the induction by vertical field coil [15-17], and

the merging technique [18, 19], are being developed in many experimental devices.

Toroidal g (%)

Tokamak

4
I/aBy, (MA/mT)

Fig.1.3 Experimentally achieved plasma beta values for STs and conventional
tokamak [4].

1.3  Spherical tokamak merging start-up

The ST merging start-up method has been demonstrated in START, MAST (UKAEA) [20], TS-
3, TS-4 (Univ. Tokyo) [18] and UTST [19]. This method has the advantage of achieving high
plasma temperature, and beta value as well because it involves the reconnection heating and the
compression processes. The direct ion heating by merging method have been intensively studied
in TS-3/TS-4 and MAST (Although the electron heating mechanism is still unclear, these will be

described in Chap.2). Figure.1.4 shows the dependence of the ion heating by merging on

5
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reconnected poloidal magnetic field Br.. in TS-3, TS-4 and MAST merging experiments [21].
Through the drastic ion heating, high beta value up to about 50 % and high normalized beta up to
9 have been achieved [18] in TS-3 though the discharge durations were very short.

Thus the ST merging start-up have a potential to be applied as a CS-free start-up method of the
ST. However, to realize merging start-up how to generate two initial STs is the most important
issue because the initial STs also must be generated without CS. In this section, two ST merging
approaches, “merging compression” [22-24] and “double null merging” [19, 25, 26], which are

presently mainstream for ST merging start-up method will be explained.

10000
='1000 -
> » i
2100 " s

%‘N 10 - TS-4
MAST

I
0.01 0.1 1.0
By [T]

Fig.1.4 The dependence of the ion heating by merging on reconnected poloidal magnetic
field B in TS-3, TS-4 and MAST merging experiments [21].
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1.3.1 Merging compression

Merging compression has been favored in START and MAST. Further, recently this has been
employed in ST40 (Tokamak Energy Ltd.) [27] which will have the world highest spec (toroidal
field: 3T, plasma current; 2-3MA, plasma temperature: 10 keVV will be planed.) due to the
potential advantages of this method. Figure 1.5 shows the start-up scenario of ST40 [24]. In
this technique, the induction of in-vessel poloidal field (PF) coils (Merging Compression (MC)
coils) are used for generating initial tokamak-like plasma. First, when the in-vessel PF coil
currents are ramped down, two initial plasmas are generated around upper and lower in-vessel
coils. At this moment, these initial plasmas do not satisfy complete tokamak configuration.
Secondly, these initial tokamak-like plasmas merge and are pinched off from the PF coils to form
a single ST in radially outward region through magnetic reconnection. Then magnetic energy is
rapidly converted to Kinetic energy or thermal energy by magnetic reconnection. Finally the ST
is adiabatically compressed. Then the plasma current and temperature increase by a change in

plasma inductance and toroidal magnetic field. Thus the compression ratio which is the ratio
between the final plasma geometrical center R, and the position of the in-vessel coils for

MC coil  BvL coil X-point between MC coils

(A/mm2)

Current (kA - Turn)

5 10
I'ime (ms)

Fig.1.5 The start-up scenario of ST40 [24]
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merging compression R,,. is important for increasing plasma current as shown in Fig 1.6 [24].

500 ® START > 4
— A MAST T
g 400 Y §T40 ' 3 .
< === Iy Rgee = 1.180ye e 4% i
=300 a-
E a0 .- ST40
- - 1.6 MA
=8 - Fy
100
>
0
o 100 200 300 400

Ivc Rye (kA - Turnm)

Fig.1.6 Plasma current scaling from START and MAST experimental data [24]

1.3.2 Double null merging

Merging compression is efficient to generate high beta ST dynamically. However this method
has two crucial problems in merging compression. First, impurity are released from coil cases
around in-vessel coils during start-up phase. Second, such an in-vessel coil can’t be set in a future
fusion reactor. To overcome these problems two poloidal field-null points in upper and lower
regions are used for plasma initiation in double null merging method. This technique has been
studied in START and MAST using in-vessel PF coils as well as in the UTST only using ex-
vessel PF coils. Figure.1.7 (a) and (b) show schematic view of double null merging in MAST [28]
and UTST [25] respectively. First two poloidal field-null points are generated at upper and lower
regions by a pair of poloidal field coils. When PF coil currents are ramped down, initial STs are
generated at upper and lower null regions. Finally the two STs merge to form single ST through

magnetic reconnection as well as merging compression. In START and MAST it is relatively easy
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to maintain the initial null fields for a long duration because in-vessel coils are used for generating
field-null. However in UTST it is very difficult to generate good field nulls and maintain them
for a long period only by ex-vessel coils because eddy current induced by PF coil current ramp
down strongly affects formation of the field nulls. Furthermore shielding effect of magnetic field
by the eddy current also prevent for effective plasma ramp up by ex-vessel coils. In recent UTST
experiment magnetic flux utilization efficiency is only about 3 % because of the shielding by
eddy current and the low preionization efficiency. Nevertheless, in UTST the plasma current up
to 130kA have been achieved only using ex-vessel coils and experiments for maintaining merging

ST by Neutral beam injection (NBI) is starting.

Magnetic
Reconnection

ST

I | plasma
. \

7/

P3 coils P4 coils P5 cexl

plasma
Step1 : Step2 Step3 Step4
(a) (b)
Fig.1.7 Schematic view of double null merging in (a) MAST [28] and (b) UTST

[25]
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1.4  Summery

To achieve high-performance ST which can be connected to additional heating by RF or NBI
using ST merging it is necessary for optimizing reconnection heating during merging as well as
improving the process of initial plasma ramp up. Direct ion heating through magnetic
reconnection has been widely researched in TS3/TS4 and START/MAST experiments. However,
more extensive investigations especially about electron heating mechanism are necessary to gain
a further understanding of the reconnection process in ST merging because electron heating
mechanism is still unclear. Next chapter magnetic reconnection which is an ubiquitous

phenomena will be simply explained.

10
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Chapter 2

Magnetic reconnection

2.1 Magnetic reconnection

Magnetic reconnection is a ubiquitous phenomenon observed in solar atmosphere, earth’s,
magnetosphere, nuclear fusion plasmas and so on. Understanding the mechanism of magnetic
reconnection is necessary to improve the efficiency of the merging start-up method because
magnetic reconnection play a key role in plasma heating during ST merging start-up. Figure.2.1
shows topology of the magnetic reconnection. When plasmas containing anti-parallel magnetic
field line approach, the current sheet is induced to prevent approach of the magnetic field line.
This current is diffused by some reasons (classical resistivity, anomalous resistivity or other

instabilities) and the magnetic field line reconnect at magnetic null point (X-point). Then

lon heating

Fig.2.1 Topology of the magnetic reconnection

11
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reconnected magnetic field is pulled out by its own magnetic tension, which cause plasma
acceleration. lons in the plasma are dominantly energized and are heated through some

thermalization mechanism in the downstream region [29].

2.1.1 Sweet-Parker reconnection model

Inflow
Outflow = >

' 4
AN

/a8

Inflo

2L
Fig.2.2 Schematic drawing of Sweet-Parker reconnection configuration

The reconnection process has been historically interpreted by using two-dimensional steady
magnetohydrodynamics (MHD) model called “Sweet-Parker” model [30]. Fig.2.2 shows
schematic drawing of Sweet-Parker reconnection configuration. Sweet and Parker proposed
elongated diffusion region as shown in Fig.2.2. The electric field E is given by the resistive
MHD form of classic ohm's law as

E+vxB=nj (2.2)

Since thereareno B, and B, atthe X point, eq.(2.1) is simplified as
E, =n], (2.2)
On the other hand ideal MHD condition holds in for upstream and downstream regions, eq.(2.1)

is re-written as
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—Ey:v. B =v B (2.3)

In—in out ~out
where B,, = B, Iisthe reconnecting magnetic field in the upstream regionand B, = B, isthe
magnetic field in the downstream region. Then using eq.(2.3) inflow velocity is given by ExB

drift velocity as

5 24
v, =—- .
-y (2.4)
Next, Ampere’s law
. VxB
J= (2.5)
Hy

is applied to the reconnection region. In the low velocity approximation, displacement current can

be neglected. So eg.(2.5) can be reduced to

. B
Jy — . (26)
HoO

Then using eq.(2.2), (2.4) and (2.6) inflow velocity is derived as

n
Vin="%2 (27)
HoO
Considering conservation of mass of inflow and outflow regions
Vin L= Vout§ . (28)
By substituting eq.(2.8) to eq.(2.7)
Vin = Vout u : (29)
Mol
Furthermore considering the balance of energy between in inflow and outflow region
By _ P (2.10)
2y, 2
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Chapter2 Magnetic reconnection

where o is mass density in outflow region. In this way outflow velocity is given as

Vour =Va == (2.11)

i 1
M =— 2.12
V"7 (2.12)
where S s the Lundquist number,
Lv
g=Ho=ta (2.13)
n

However, the Sweet-Parker model can not explain the short reconnection time scale actually
observed in solar flares or laboratory reconnection experiments. The fast reconnection mechanism

is one of the most important issues in the magnetic reconnection research field.

1.1.2 Two-fluid effect of the reconnection current layer
Recent numerical and experimental studies suggested that two-fluid effect is necessary to be
considered [31] when the length of the diffusion region scale approaches to the ion inertial length,

d; =c/m,; | scale. Here the two-fluid ohm’s law is described as
1 m, Jj

E+va:77j+iij——VP+ ==,
ne ne ne‘ ot

(2.14)

where second term of the RHS is called Hall term, third term of the RHS describes the effect of
the electron pressure gradient and fourth term of the RHS describes the effect of electron inertia.
When the electron mean free path becomes comparable to the current sheet, Hall term especially
becomes dominant because electrons are magnetized but ions are weekly magnetized in the

vicinity of the X point. Then electron and ion flow patterns are decoupled as shown in Fig.2.3
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Chapter2 Magnetic reconnection

[31]. When the Hall term is dominant, characteristic quadrupole out-of-plane magnetic field is
created by the Hall current. In any simulations using a Hall MHD code, a hybrid code, or a PIC

code, the Hall term is the primary cause to promote magnetic reconnection.

B-field
—» & Current
..... = lon flow

— - Electron flow
( lon dissipation region
] Electron dissipation region

Fig.2.3 Schematic drawing of two-fluid dynamics of reconnection current layer [31]

2.1.3 Magnetic reconnection in the presence of guide field

In this thesis the author focus on the study of the guide field reconnection because reconnection
in ST merging has a strong guide field, which corresponds to the toroidal field normal to
reconnecting magnetic field. In MHD reconnection framework it is considered that guide field
simply reduce the reconnection rate [32, 33] because it enhances magnetic pressure inside the
current sheet. As predicted in MHD reconnection framework, in ST merging ion heating energy

surely decreased in the presence of the strong guide field. However, fortunately ion heating energy
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and reconnection rate just have weak dependence on the guide field [34] and the ion heating is
still effective even in high-g tokamak merging studied in START/MAST device (UKAEA) and
UTST.

Recent results from the PIC simulation studies predict that electron and ion in-plane flow
patterns become asymmetric in guide field reconnection as shown in Fig.2.4 [35] whereas the
flow patterns are symmetry in non-guide field reconnection. The flow pattern of the electrons can
be explained by the geometry of the magnetic field line. Figure.2.5 shows the three dimensional
geometry of the magnetic field line in guide field reconnection. Electrons are accelerated along
the field lines by reconnection electric field around the X point and flow out on a particular pair
of the separatrix forming the asymmetric profile. As a result charge separation occurs and the
quadrupole structure of the electrostatic potential finally creates asymmetric ion flow.

The local electron acceleration by the parallel electric field is predicted as one of the
characteristic of the guide field reconnection in PIC simulation. Fig.2.6 shows the spatial profile
of parallel electron velocity obtained by the PIC simulation [35]. In the presence of the guide field
electrons are effectively accelerated directly by reconnection electric field around the X point.
Furthermore the electron velocity distribution is non-Maxwellian and energetic electrons are

generated at the region around the X point.

16



Chapter2 Magnetic reconnection

Fig.2.4 The ion and the electron in-plane flow patterns in the guide field reconnection [35]

reconnecting :
magnetic field guide field

Fig.2.5 The three dimensional geometry of the magnetic field in the guide field reconnection

reconnecting magnetic field
with guide field

(a) Electron V—Parallel g
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Fig.2.6 The profile of parallel electron velocity in the guide field reconnection [35]
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2.1.4 Characteristic electron heating in ST merging

Although electron energization mechanism has not experimentally verified yet, remarkable
electron heating was observed in MAST merging experiment through guide field reconnection.
Fig.2.7 shows the result of Thomson scattering measurement in MAST merging experiment [36].
In Fig.2.7 local electron heating was observed after magnetic reconnection. In ST merging only
the poloidal magnetic field energy is released and contributes to the energy conversion of the
magnetic reconnection. However, in MAST experiments the peak value of the electron

temperature depended on the value of toroidal magnetic field, namely, the guide field.
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Fig.2.7 Result of Thomson scattering measurement in MAST experiment [36]
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To investigate the mechanism of the local electron heating, Hall MHD simulation of the ST
merging was performed. Figure.2.8 shows the profile of the electron temperature during ST
merging in Hall MHD simulation [37]. The electron temperature has hollow profile after merging
in contrast to the centrally-peaked profile as shown in Fig.2.8. Thus the results from Hall MHD
simulation do not explain the experimental observations possibly because it does not include the

kinetic effect of particles.

Fig.2.8 The predicted electron temperature profile during merging experiments
by Hall MHD simulation [37]
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Chapter3
Objectives of this thesis

ST merging start-up is one of the potential candidates of the CS-free start-up methods because
of the rapid plasma heating through magnetic reconnection and resulting high beta characteristic.
As for reconnection heating effects, direct ion heating during ST merging have been widely
researched. The previous studies have shown that the ion heating can be estimated from the value
of reconnecting magnetic field which depend on initial plasma current. However, electron heating
mechanism during merging is still unclear although characteristic electron heating was observed
after merging in MAST merging operations. Hence, this thesis primarily addressed the electron
energization mechanism during ST merging start-up. In ST merging, which includes the
reconnection event in the presence of the guide field, characteristic electron acceleration is
predicted by numerical studies as explained in Chap.2. As objectives of this thesis, the author

experimentally investigated;
» whether the electrons are accelerated in parallel direction by reconnection electric field near the
X point or not

« 2D profile of the accelerated electrons on the poloidal cross section

using the UTST merging experiment.
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Furthermore, it is also important to investigate how the accelerated electrons affect the final ST
equilibrium after merging, particularly the electron temperature. However, in the present UTST
merging setup the electron heating efficiency during merging start-up cannot be evaluated
quantitatively partly because the magnetic probe array inside plasma prevents electrons from
heating. To investigate electron heating effect through magnetic reconnection quantitatively the
plasma shape and position measurement without using magnetic probe array inside plasma is

necessary. Then another objective of this thesis is

* realizing plasma shape reconstruction of the merging STs only based on the magnetic sensors

outside plasma.

These will be explained in Chap.6 and Chap.7, respectively.
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Chapter 4
UTST device

4.1 Overview of UTST device

The University of Tokyo Spherical Tokamak (UTST) device was constructed in order to
demonstrate “double null merging” start-up without using internal PF coils. As shown in Chapter
1, other merging devices has already demonstrated ST merging start-up scheme by using internal
PF coil, but the internal coils which directly face the plasma are not acceptable in the future fusion
reactor. When we consider the fusion reactor using merging method, heat and neutron load on
internal coil largely spoils feasibility of fusion power plant. Hence, UTST is designed to have all
PF coils located outside the vacuum vessel and bears an important part of realizing plasma
merging method for fusion reactor. Figure.4.1 shows UTST device photograph and Table.4.1
shows major parameters of UTST device and merging experiment. Table.4.2 shows the coil
parameters and Fig.4.2 shows cross section of UTST device. Table.4.2 shows the coil parameters,
Table.4.3 shows the capacitor banks parameters and Fig.4.2 shows the poloidal cross section of

UTST device.
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Fig.4.1 UTST device

Table.4.1 Major parameter of UTST device and merging experiment

. 0.7m (midplane)
Chamber radius
0.6m (top & bottom)
Chamber height 2.0m
Toroidal B field (guide field) <0.3T
Poloidal B field (reconnection field) <0.015T
Major radius 0.35 m
Aspect ratio 1.3
Plasma current 130kA (w/o CS)
Ton temperature 50eV
Electron temperature 30eV
Electron density 5x10°m™
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Table.4.2 Coil parameters

Coil Z(mm) R(mm) Turns Major use
Applying the external toroidal magnetic
TF 1000 16
field
PF1(upper) 1100 200 8 Pushing the initial STs to the midplane
PF1(bottom) | -1100 200 8 Pushing the initial STs to the midplane
PF2(upper) 800 685 3 Generating the initial STs by flux swing
PF2(bottom) -800 685 3 Generating the initial STs by flux swing
Fast adjustment of equilibrium
PF3(upper) 675 750 8 o
magnetic field
Fast adjustment of equilibrium
PF3(bottom) | -675 750 8 o
magnetic field
PF4(upper) 500 685 3 Generating the initial STs by flux swing
PF4(bottom) -500 685 3 Generating the initial STs by flux swing
CS 83.5 110-440 Current drive
o | D n WPFT D
i [} W PF2
o || N W #Pi3
(=)
< m| B #PF4
_cS B Magndtic probe arra
~ L emememememememns @
o
SS | T
= ®
< e e e e
= L
< | pick up coil u f W #PF4
S Hl = - m/PE3
g i ] g #PF2
2 L
" [ B #PF1 EF
1.0 075 05 025 00 025 05 075 1.0

Fig.4.2 The poloidal cross section of UTST device
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4.2 Double null merging operations in UTST

Two types of double null merging operations have been demonstrated in UTST. In the early
UTST merging operations PF1 and PF4 coils (PF#2 in Fig.4.3) which are connected in parallel to
capacitor banks have been used to generate initial field nulls at upper and bottom region and apply
inductive electric field as shown in Fig.4.3 [25]. In this operation relative wide field nulls were
generated at the area between PF1 and PF4 coils. However it was difficult to induce enough
poloidal flux at the null point because maximum initial poloidal flux at the null points which
determines the capability of initial plasma current drive was limited mainly by the performance
of PF1 coils because it is difficult to produce large magnetic flux by a small radius coil and a fast
capacitor bank.

To overcome this problem, in the recent UTST merging operations, PF2 and PF4 coils which are
also connected in parallel to capacitor banks have been used to generate initial field nulls as shown
in Fig 4.4 [19]. In this operation the eddy current plays an important role to form initial field nulls
because the internal magnetic field is generated by the combination of the PF2 coil current, the
PF4 coil current and the eddy current on the vacuum vessel. By this improvement more initial
poloidal flux was able to be stored at the null points than in the previous operations and the plasma
current up to 130kA was achieved only using ex-vessel coils. However, there are still rooms for

improvement in UTST merging operations.
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Fig.4.3 UTST merging operation using PF1 and PF4 coils (PF#2 in this figure) [25]
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Fig.4.4 UTST merging operation using PF2 and PF4 coils [19]
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4.3 Washer gun

In inductive start-up, preionization is important for efficient flux consumption. Especially in
inductive start-up only using ex-vessel PF coils like UTST merging start-up reduction of the
breakdown time is one of the important issue because it is difficult to maintain field nulls over a
long period.

In ohmic discharge of tokamaks, preionization is usually given by electron cyclotron heating
(ECH) system. However, in UTST discharges preionization is carried out with washer guns.
Figure.3.5 shows a picture of washer gun and an interior of the structure. When the high voltage
is applied between anode and cathode, arc discharge is occurred between the electrodes along
inner surface of the ceramic washers. Then plasma is injected from the anode along the
background magnetic field line. Since in double null merging operation two private poloidal
fluxes are generated to form two initial STs, UTST device has two washer guns located at upper
and bottom region to inject plasmas into each field null area as shown in Fig.4.5. The preionization
by washer gun is advantageous from viewpoints that high density plasma can be provided at the

low producing cost of the gun while impurity are released from metal washers.

Anode

Insulator

Cathode  Conductor
washers

Fig.4.5 A picture of washer gun and an interior of the structure
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4.4 Magnetic probe array

To observe magnetic reconnection structure during ST merging, two-dimensional array of pick
up coils is employed in UTST. The magnetic probe array has 81 channels in the central section to
measure the magnetic field Bt and Bz directly inside the vacuum vessel in the middle region (-0.24
<z < 0.24m). The poloidal flux and toroidal current density can be derived from the measured
magnetic field with assumption of toroidal symmetry and a perfect conductor wall (Poloidal flux
is zero on the vacuum vessel wall.). The location of pickup coils is shown in Fig4.2. Poloidal

magnetic flux, current density and toroidal electric field are calculated by the following formulas

" d
‘~I’(R,t,z)=27r‘|.R0 B,(p,t,2)pd p (4.1)
2
jt(R,t,z):—i[ 1 6‘P(R2,t,z)+GBZ(R,t,z)j 42)
Mo\ 2R oz oR
Et(R7) = 1 d¥P(R.t,2)
27R dt (4.3)

Poloidal magnetic flux and current density are calculated in order to know the topology of
merging and the location of reconnection current layer, respectively. The reconnection electric
field appears as toroidal electric field in UTST merging experiment. This is one of the most
important parameter of electron acceleration. Toroidal electric field is calculated from the time

derivation of the poloidal magnetic flux at the X point.
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4.4.1 Evils caused by inserted magnetic probe array

The magnetic probe array is convenient for reconnection research. On the other hand the
magnetic probe array is intended to disturb maintaining the plasma current and heating electrons.
Figure.4.6 shows plasma current and soft X-ray signals measured by SBD (explained in Chap.5)
with different X-ray absorption filters, 3um Al and 1um mylar foil, and same line-of-sight in the
merging operation assisted by CS coil current drive with the magnetic probe array (black line)
and without the magnetic probe array (red line). As shown in the top panel of Fig.4.6, the plasma
current with magnetic probe array decay faster than that without magnetic probe array. The middle
and bottom panels of Fig.4.6 show that the soft X-ray signal (1um mylar foil) remarkably
increased in the case without magnetic probe array even though the soft X-ray signal (3pum Al
foil) was almost same in the both case. Then Fig.4.7 shows the dependence of electron
temperature on the ratio between two soft X-ray signals when electron density and temperature
profile are spatially constant. Fig.4.7 shows on one-to-one correspondence with the electron
temperature and the signal ratio when the electron temperature is less than 300eV. This suggest
that electron temperature remarkably increased in the case with magnetic probe array because in
the case without magnetic probe the signal ratio is larger than that with the magnetic probe.

Recent UTST experiments suggested that the electrons are effectively accelerated in the parallel
direction along the magnetic field line by the reconnection electric field during merging (The
detail will be explained in Chapter.6) and energetic electrons are generated. To investigate how
electron acceleration take place during the guide field reconnection and to optimize the merging

start-up without use of internal magnetic measurement are essential.
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Fig.4.6 Plasma current and soft X-ray signals measured by SBD (explained in Chap.5) with
different X-ray absorption filters, 3um Al and 1um mylar foil, in the merging operation
assisted by CS coil inserting the magnetic probe array (black line) and without the magnetic
probe array (red line).
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Fig.4.7 The dependence of electron temperature on the ratio between two soft X-ray signals
(3um Al and 1pum mylar foil) when electron density and temperature profile are spatially
constant.

30



Chapterd Soft X-ray measurement system

Chapter 5

Soft X-ray measurement system

5.1 Surface barrier detector
Surface barrier detector (SBD: Ortec model CR-017-050-10) is widely used to observe soft X-

ray. In this study SBD (Ortec model CR-017-050-10) was employed to observe soft x-ray by
bremsstrahlung emission from fast electrons accelerated during magnetic reconnection. The SBD
is a diode covered with thin aluminum (0.15um) rectifying contact on p-type Si and have good
sensitivity over the energy range of soft x-ray (< 20keV). Thickness of the Si dead layer is 0.01pm.
Soft X-ray from the reconnection X-point region is detected by two SBDs which have tangential
line-of-sight with radius of 35 cm. Pinholes with aperture diameter of p4mm are equipped in front
of SBDs. Fig5.1 shows the cross section of the vacuum flange for soft X-ray measurement. Fig.5.2
shows the location of SBD line of sight. The SBDs have viewing field which covers the
reconnection region. Furthermore, X-ray absorption filter is equipped in front of the SBD to
eliminate photon with low energy. Transmittance of polycarbonate X-ray absorption filter with
consideration for the rectified aluminum and dead layer of Si is calculated by using database of
NIST [38] as shown in Fig.5.3. Note that the response of SBD decreases for higher photon energy
because the high energy photons in hard X-ray range pass through the dead layer. Detected current
by SBD is converted to voltage signal by an I/V converter and amplified by a preamplifier.
Furthermore, a buffer circuit is also set next to the preamplifier to reduce the effect of long

transmission cable and keep good frequency response. Figure. 5.4 shows the circuit of the I/V
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converter, preamplifier and buffer circuits.
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Fig.5.1 Cross section of flange for SBD
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Fig.5.3 Transmittance of X-ray absorption filter containing rectified aluminum
and dead layer of Si [38]
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Fig.5.4 Circuit diagram of I/V converter, preamplifier and buffer
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5.2 Soft X-ray imaging system

To detect two dimensional soft X-ray image the assembly of micro channel plate (MCP) and
phosphor (HAMAMATSU PHOTONICS K. K: F2222-21P) is used. The MCP consists of two
dimensional array of a great number of glass capillary tube. When the high voltage is applied
between input side electrode and output side electrode, each tube detects X-ray and multiplies
photoelectrons. Figure.5.5 shows the schematic view of the soft X-ray imaging system. The soft
X-ray imaging system consists of a pinhole, MCP and phosphor plate. Firstly when the soft X-
ray is incident on the surface of the MCP, photoelectrons are emitted. Secondary the emitted
electrons are accelerated by the strong electric field between electrodes and multiplied every time
when hitting the inside wall of the capillary tubes in the 2 stage of MCP. Finally the multiplied
electrons hit the phosphor plate and are converted into visible image on the plate. The type of
phosphor screen is P46 which is composed by Y,Al,0,,:Ce and the decay of light intensity is
0.2-0.4psec.

The visible images on the phosphor plate were recorded by fast camera, SA-Z (Photron). Thin
mylar foil (1um) was equipped on the pinhole to observe the bremsstrahlung caused by tail
components of the electron energy distribution function. The transmittance of mylar (polyester)
foil (1um) and the bremsstrahlung expected to be emitted from bulk electrons in UTST are shown
in Fig.5.6 [38].

As shown in Fig. 5.5 high voltage pulses are applied between MCP input side electrode and output
side electrode as well as the phosphor screen and GND (MCP output side electrode) only for 100-
200usec to avoid unexpectedly applying higher voltage than the rated voltage because large loop
voltage is induced by poloidal field coil current swing in merging start-up. The high voltage pulse

generator consists of high voltage power supply and MOSFET as shown in Fig.5.7.
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The vacuum chamber of the soft X-ray measurement system is evacuated to less than 1.3x10*Pa
by a vacuum pumping system separated from the UTST main vacuum components. Vacuum
baking by nichrome wire is effective to evacuate the stored gas in the capillary tube of MCP. It is

important for achieving good S/N because such a stored gas can cause weak discharges inside the

X-ray absorption filter
SoftX-ray / g

Phosphor 2
Pinhole

il mcp

High volta Window

mylar filter (Tum) MCP (2 stages) PHOSPHOR

Soft X-ray Electro Visible Iighr.
EEE——

IN ouT PHOS Fast camera

Pinhole

v =

Fig.5.5 The schematic view of the soft X-ray imaging system
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capillary tubes and make noises.
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Fig.5.6 The transmittance of mylar foil (1um) and the bremsstrahlung expected
to be emitted from bulk electrons in UTST [38]
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5.2.1 Image correction

Relative detection efficiency of MCP depends on the incident angle of soft X-ray from the axis
of capillary tube. When the incident soft X-ray is parallel to the axis of capillary tube, the relative
detection efficiency of MCP decreases. Figure.5.8 and Fig.5.9 show the dependence of relative
detection efficiency on soft X-ray incident angle [39] and relative detection efficiency profile son
the MCP when the photon energy is in soft X-ray range, respectively. As shown in Fig.5.9 the
hole-shaped low relative detection efficiency area is slightly off-center because each capillary
tube is set on the angle of 8 degree with the MCP surface normal, so called bias angle. To fill the
dark hole of the soft X-ray images, the images need to be retouched by a correction factor.

Furthermore, geometrical effect of the solid angle of observation is also important. In the pinhole
camera the solid angle of observation usually differs between detector channels. So when the local
emission profile is reconstructed by some kind of tomographic techniques based on the profile of
line integrated signals, the geometrical effect must be considered. For simplification, the 3D solid
angle is usually approximated as 2D solid angle or 1D line of sight. In line of sight approximation

geometrical factor is described as

— Aﬁet Apin

4 1
wo =4z 008 @ (5.1)

where A, and Ay, are the aresa of detector channel and pinhole respectively, d is the
distance between the pinhole and the detector, « is angle between the line of sight and normal
to the pinhole. In the soft X-ray imaging system, the area of detector cannel and of pinhole and

the distance between the pinhole and the detector are constant. Finally cos* o effect remains.
Strictly speaking, the effective thicknesses of the absorption filters depend on 1/cosa if the

filters are flat. This effect does not depend only on geometrical effect but also on electron velocity
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distribution function. In this thesis, the effective thickness are ignored because dependence on

1/cosa s less than 8 % even at the edge of the MCP.
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Fig.5.8 The dependence of relative detection efficiency on soft X-ray incident angle [39]
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5.2.2 Abel inversion

2D soft X-ray profiles on the poloidal cross section are reconstructed by Abel inversion
technique. Abel inversion is one of the computer tomographic technique to identify the radial
profile based on the axisymmetric assumption. When the toroidal axisymmetric emission are

assumed as shown in Fig.5.10, line integrated intensity is described as

JRE-y? e(r)rdr
1(y) =2j e(r)dx =2 j T (5.2)
0
and the local emission profile can be obtained from eq.(5.2) as
ey=—— [ 4 & 53)

T dy y2_r2

As shown in eq.(5.3), the radial profile can be obtained only by the profile of the line integrated
intensity in Y direction.
In this thesis 2D the soft X-ray profile are reconstructed using almost horizontal channels of soft

X-ray imaging system which are tilted within the range up to 4° relative to the horizontal surface.
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Y

Fig.5.10 The coordinate system of the Abel inversion
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Chapter 6

Verification of electron acceleration mechanism

during spherical tokamak merging

6.1 Correlation between soft X-ray intensity and effective electric field

In the ST merging experiment, in which a strong toroidal magnetic field is applied, the
reconnection electric field in the toroidal direction becomes field aligned near the X-point where
the poloidal magnetic field is negligible. The typical ratio of the toroidal (guide) magnetic field
to poloidal (reconnection) magnetic field is 10-20 in the UTST experiment, which is much higher
than those in previous TS-3/4 experiments or numerical studies. This is a unique feature of the
UTST merging experiment that can provide remarkable electron acceleration near the X-point.

First, soft X-ray emission from the reconnection region was observed by using SBD detector as
described in Chap.5. Soft X-ray measurement line of sight is shown in Fig. 5.2. Figure 6.1 shows
the typical waveforms of reconnection parameters such as (upper) the reconnected magnetic flux,
(middle) the reconnection electric field, and (bottom) the soft X-ray signal measured by SBD
measurement system (For details, see Chap. 5.) during magnetic reconnection and their
corresponding poloidal flux surfaces. Sharp soft X-ray (>200eV) bursts were observed only
during magnetic reconnection with a roughly good correlation with the reconnection electric
field at the X-point. There are two possible origins of the soft X-ray bursts: thermal and non-
thermal electrons generated during reconnection. The Thomson scattering measurement

revealed that the electron temperature in the UTST merging experiment was up to 30 eV [41],
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which is much lower than the absorption edge of the filter used in the present study, as shown
in Fig.5.3. Therefore, it is considered that non-thermal fast electrons accelerated by the field-
aligned electric field account for the observed soft X-ray emission.

The intensities of the soft X-ray bursts were depended both on the reconnection electric field and

toroidal magnetic field in the UTST merging experiment. Figure 6.2 shows the dependence of the
soft X-ray intensity on E, (Bt / Bp) under the condition that B, =0.01mT . The soft X-ray intensities

exhibited a clear increasing trend with E,(B,/B,), suggesting that the efficiency of electron
acceleration can be expressed by the effective electric field E. ~ E, (Bt / Bp) near the X-point
region in analogy with torus plasma breakdown, where electrons near the null point are effectively

accelerated [42].
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Fig. 6.1. Evolution of reconnection parameters: (top) reconnection magnetic flux, (middle)

toroidal electric field, and (bottom) soft X-ray (polycarbonate: 2 um) during reconnection.
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Corresponding poloidal flux surfaces are also shown [40].
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Fig. 6.2. Dependence of soft X-ray intensity on g_, [40].
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6.1.1 Evaluation of electron acceleration by 0D model

Based on the experimental results presented above, possible mechanisms to generate energetic
electrons are now discussed. To quantitatively evaluate electron acceleration, a simple 0D model
considering the acceleration period was developed. In this model, electrons are accelerated along
the total magnetic field B, + B, . Because an acceleration region projected on the poloidal cross
section is limited by the half length of a reconnection region L, the electrons can stay inside the
acceleration region while their travel length projected to poloidal plane is smaller than L, i.e.,
the total travel length is defined as L =L(B?+8B?)/|B,|. We assume here that electron-ion
Coulomb collisions act as a breaking force. In this manner, the acceleration period can be derived
based on the magnetic field angle at the X-point.

The experimental conditions were B, /B, =23 , E =50~150V/m , n, =2x10"
B, =0.01mT , initial electron temperature t _i0ev , and L=0.m . Figure 6.3 shows the
dependence of the estimated soft X-ray intensity on the effective electric field E_, . Here, the soft
X-ray intensity is estimated as 1 [[T(E)f(E)g, /vdEdv, where €, T(E), f(E) and g,
are the photon energy, total transmittance (including the absorption effect of rectified aluminum
and the Si dead layer, as shown in Fig.5.3), electron velocity distribution function caluclated from
the equation of motion and gaunt factor, respectively. Several electrons were accelerated to over
200 eV during their stay inside the reconnection region. The calculation result (Fig. 6.3) shows
that the SXR signal appears when g, exceeds approximately 1000 VV/m, which is similar to the
experimental results; however, a relatively steeper increasing trend was predicted using the 0D
model. Although this calcutlation result show similar trend with the experimental results shown
in Fig. 6.2, further investigation is required to understand electron acceralation mechanism.Thus,

a new diagnostic to observe the spatial distribution of soft X-ray emission was developed.
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Fig. 6.3. Dependence of estimated soft X-ray intensity, including absorption effect of
polycarbonate (2 um) filter, on Eqff .
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6.2 Spatial structure of the accelerated electorns near X point
6.2.1 Experimental setup

In the presence of high guide field, efficient electron acceleration along magnetic field line near
the X point by reconnection electric field was observed asdescribed in section 6.1. However, the
local structure of the soft X-ray emission region was not verified in the experiments. To clarify
the spatial structure of the accelerated electrons soft X-ray imaging system was developed (For
details, see Chap. 5.). Soft X-ray images were observed by both the look up and the tangential
view of the X point region as shown in Fig. 6.4. Visible images converted from incident soft X-
ray on phosphor plate were recorded by fast camera SA-Z (Photron). Typical frame rate and
exposure time was 210000 frame /sec and 1/316981 sec, respectively. Thin mylar foil (1 um) was
employed on the pinhole to observe the bremsstrahlung caused by tail components of the electron

energy distribution function as shown in Fig.5.6.

y_Soft X-ray imaging window

o} [ ﬁ

Fast camera .
Soft X-ray imaging window

0 02 04 06 08
rim]

(a) (b)

Fig. 6.4. Two soft X-ray imaging views, (a) look up view and (b) tangential view of the

reconnection X point.
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6.2.2 Ring shape emission

Figure. 6.5 (a) shows the waveforms of (top) the reconnected magnetic flux, (bottom) the
reconnection electric field and (b) shows the poloidal magnetic flux profile and soft X-ray image
seen from the look up view. As shown in fig. 6.5 (a), reconnection process proceeded from about
t=9510pusec to 9570usec. A sharp soft X-ray ring structure located near the X point was observed
only in the early phase of magnetic reconnection when the reconnection electric field is high. This
local ring shape soft X-ray emission was generated by the high energy tail electrons (>100eV) as
shown in fig.5.6. This result suggests that electrons accelerated by reconnection electric field have

large toroidal velocity and are localized around the X point region with high toroidal uniformity.
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Fig. 6.5. (a) Evolution of reconnection parameters (top) reconnection magnetic flux and
(bottom) toroidal electric field and (b) soft X-ray image (mylar:1um) during reconnection.
Corresponding poloidal flux surfaces are also shown (#170528002).
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6.2.3 2D soft X-ray emission structure (Bt: @)

The ring-shaped SXR emission region observed from the look-up view indicates that the
accelerated electrons distribute uniformly in the toroidal direction. Given the toroidal symmetry,
the detailed structure of accelerated electrons can be obrtained by the reconstruction technique
applied on the results from the tangential view. Figure.6.6 (a) shows the waveforms of (top) the
reconnected magnetic flux, (bottom) the reconnection electric field and (b) shows the poloidal
magnetic flux profile and soft X-ray image seen from the tangential view. There were three areas
that emit Soft X-ray. Two of them were the upstream ST plasmas st upper and lower regions. The
third area was the reconnection region between the two upstresam STs. Since the emission from
the reconnection region was observed on nearly horizontal line of sight, local emission
reconstruction based on the toroidal symmetry will be avairable. Figure 6.7 shows 2D soft X-ray
profile in the vicinity of the reconnection region reconstructed by Abel inversion technique. Soft
X-ray emission was mainly observed during the initial phase of magnetic reconnection as well as
the results from the look-up view shown in Fig.6.5. First, when electric field slightly ramped up
at (i) 9511psec, relatively wide emission was observed at inboard side of the X point. Secondly,
at (ii) 9515.7usec as reconnection process evolved, the soft X-ray emission was gradually
concentrated to the X point region and at (iv) 9520.5usec then localized near the X point along
the two arms of the separatrix. Finally, from (v) 9525.2usec to (v) 9530usec the soft X-ray was
mainly emitted from the region slightly outward of the X point.

The left-right asymmetric structures of the emissions during mergiing process can simply be
explained by the 3D topology of the reconected magnetic field line in high guide field
reconnection. When the toroidal field is added on the reconected anti-parallel poloidal field,
reconnected magnetic field lines have 3D structure as shown in fig. 2.5. In such a 3D magnetic

field line, electrons accelerated at X point can only run on the one side arm of the separatrix. In
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Fig. 6.7 (a) these tilted structures agreeed with prediction from the magnetic field structure and

the direction of the electron acceleration.
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Fig. 6.6. (a) Evolution of reconnection parameters (top) reconnection magnetic flux and
(bottom) toroidal electric field and (b) 2D soft X-ray profile (mylar:1um) and poloidal flux
surfaces in the presence of toroidal magnetic field directed from the surface to the front of
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6.2.4 2D soft X-ray emission structure (Bt: ® )

The vertically asymmetric soft X-ray structures showed in section.6.2.2 is thought to be
attributed to the spatial structure of accelerated electrons that move along the magnetic field line
near the X-point. If so, the soft X-ray structure will be flipped when the reversed toroidal guide
field is applied. Therefore, in this section soft X-ray emission structure in the presence of opposite
guide field will be shown. The direction of the plasma current was the same as that in section.6.2.2
while the direction of the toroidal field was opposite. Figure 6.8 (a) shows the waveforms of (top)
the reconnected magnetic flux, (bottom) the reconnection electric field and (b) shows the poloidal

magnetic flux profile and soft X-ray image seen from the tangential view. Figure 6.9 shows 2D
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soft X-ray profile reconstructed by Abel inversion technique. Soft X-ray emission was also
observed during the initial phase of magnetic reconnection. First, from (i) 9506.2usec to (iii)
9515.7psec, the relatively wide soft X-ray emission was observed around upper inboard side of
the downstream region. As reconnection process evolved, the soft X-ray emission gradually
approached to the X point region from upper inboard side of the downstream. Then soft X-ray
emission was localized near the X point along the different pair of the separatrix arm from the
case of section.6.2.2. Finally, the soft X-ray was mainly emitted from the region slightly outward
of the X point. Thus, in the presence of opposite toroidal field the soft X-ray structures flipped

upside down as expected from the electron acceleration process.
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Fig. 6.9. 2D soft X-ray profile (mylar:1um) reconstructed by Abel inversion directed from
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6.3 Discussion

The left-right asymmetric structures of the accelerated electrons along a pair of the separatrix
were reported in section.6.2 and 6.3 as predicted by numerical simulation [35]. However, against
all expectations, in the early phase of the merging process relative wide soft X-ray emission region
was also observed at inboard side of the downstream region although reconnection electric field
was low. In this section, the author will discuss about the possibility whether the electrons can be
accelerated by parallel electric field over 100eV at the downstream region in the early phase of
the merging process. To verify the experimental results test particle calculation based on the
measured magnetic field profile was used. In this calculation | assumed that static electric field
on reconnection plane was ignored and parallel electric field was only given by induced electric
field in toroidal direction. Electron trajectory was calculated by the equation of motion without
collision terrm. Figure.6.10 shows the result of the test particle calculation for the result of
Sec.6.2.3. (a) and (b) show the initial test electron locations and the profiles of electron number
over 100eV at 9500 and 9520usec, respectively. 8192 initial electrons were set except in the
upstream region as shown in Fig.6.10 (a). The initial electron temperature was set to be 10eV.
Typical acceleration time was 4usec. In Fig.6.10 (b) at 9500usec electrons are mainly accelerated
and get energy over 100eV at downstream region. On the other hand at 9520usec electrons are
mainly accelearted along a pair of the separatrix. These profiles were similar to the measured soft
X-ray emisson profiles which suggest the parallel acclereration not only near the X-point but also
in the downstream region.

In the presence of the guide field static electric field on the reconnection plane will be generated
to suppress the induced parallel electric field except the diffusion region around X point because

the charge separation is caused by the different electron and ion flow pattern. However, these
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results suggest that in early phase of the merging when the charge separation does not grow to
suppress the induced parallel electric field enough, the parallel electric field remained not only
inside diffusion region but also in the downstream region and the electrons in the downstream
were accelerated by the parallel electric field until the charge separation was established. In the
steady reconnection phase, charge separation is enough grown in downstream regions and charged
particles move by ExB drift. In other words, no parallel acceleration is expected in the
downstream region. However, experimental results showed wide soft X-ray emission region in
the initial reconnection phase. This result suggests that the parallel electric field is not suppressed
in the early phase. Test particle cluculation showed similar energetic electron profile when the in-
plane electric field was neglected. After that the in-plane electric field was generated and parallel

acceleration took place only in the narrow reconnection region.
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6.4 Conclusion

To investigate electron energization mechanism during ST merging start-up soft X-ray emission
was observed by SBD and soft X-ray imaging system in UTST merging experiments.

Achievement of this research are summarized below.

* Soft X-ray burst over 200eV was observed only during merging and the peak soft X-ray intensity
showed positive dependency on the effective electric field around X point. The electron energy
over 200eV was consistent with the result of simple 0D model calculation based on electron’s
duration of stay inside the reconnection region.

* 2D soft X-ray emission profile during merging was observed by soft X-ray imaging system. In
very early phase of the merging the relative wide soft X-ray was observed at downstream region
and the emission finally formed the left-right asymmetric structure along a pair of the separatrix.

* In test particle calculation, the soft X-ray emisson profile accounted for the parallel acclereration
by the induced toroidal electric field. These result suggest that in early phase of the merging
when charge separation did not still grow, parallel electric field was induced not only inside
diffusion region but also in the downstream region and the electrons in the downstream

remarkably were accelerated by the parallel electric field.
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Chapter 7

Development of plasma shape reconstruction

during spherical tokamak merging

7.1 Issues of plasma shape reconstruction of merging spherical
tokamak

In Chap.6 electron energization mechanism during the merging start-up of ST plasma was
investigated. However in the present UTST setup the whole electron heating efficiency of
merging start-up cannot be evaluated quantitatively partly because the magnetic probe array
inside plasma increases the electron loss power as shown in Chap.3. In this Chapter the plasma
shape reconstruction of merging ST only based on the magnetic sensors away from plasma was
developed. As a difficulty in the ST merging research field, the initial STs in the merging start-
up phase do not satisfy the equilibrium condition, however, the magnetic field outside the plasma
boundary is defined by Maxwell equations for vacuum condition. Thus the Cauchy Condition
Surface (CCS) method [43-50] is effective in the shape reconstruction without introducing any
information on the plasma equilibrium. Furthermore, the CCS method is more advantageous from
the view point of the reconstruction accuracy than the filament method that represents EFIT [51].
In the filament method, plasma shape and current profile are simultaneously reconstructed dealing
with several filament currents inside plasma as unknowns. However, the filament method falls
into ill-posed problem because actually there are a number of plasma current profiles to express

a specific plasma boundary condition. On the other hand, in the CCS method with the help of
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enough magnetic sensors the solution of the plasma shape is uniquely determined without
reconstructing plasma current profile because the reconstruction problem of plasma shape and
current profile are completely separated as different problem in the CCS method.

Another difficulty that hampers the reconstruction of the merging STs is the influence of the
large eddy currents generated on the vessel wall during the merging start-up period, since the
initial two STs are formed inductively. These eddy currents should also be correctly evaluated for
a reliable reconstruction of magnetic field/flux structure.

Recently, Itagaki et al. proposed an advanced method [50] for the RELAX, a reversed field pinch
(RFP) device, where the eddy current effect on the vessel wall is incorporated into the original
CCS method algorithm. In more detail, the eddy current term is given by a boundary integral
along the vessel in the poloidal direction. The eddy current profile on the vessel is not given in
advance but completely unknown before one starts the analysis. That is, the Cauchy conditions
and the eddy current values on the vessel nodes are solved simultaneously using only the signals
from magnetic sensors. This advanced method t is called “the modified Cauchy condition surface
method (the M-CCS method)” , which is considered to be suitable for the reconstruction of the

magnetic field structure in the UTST, especially in the ST merging start-up period.

7.2 Modified Cauchy condition surface (CCS) method

To reconstruct merging ST the M-CCS method was adopted. Schematic of this method is shown
in Fig.7.1. The CCS and the vacuum vessel boundary are located to describe the plasma current
effect and the toroidal eddy current, respectively. Then this is an ‘inverse problem' that aims to
infer the Dirichlet and the Neumann conditions on the CCS as well as the toroidal current on the
vacuum vessel, based on the observation of the magnetic sensor signals outside the plasma. Three
types of boundary integral equations to be solved are described as shown below [50].

(@) For poloidal flux sensors at points i
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W= | (W—a—"’—ﬂa'” jdrwof i (R )y (= 1)AT (1) (7.1)

Tyy

(b) For magnetic field sensors at points i
B 0 0B
B -w’= | [——W—Z Jd”uo | iw (r0)B (1 > £)AT(r) (72)

(c) Forpoints i onthe CCS

i 0 .
WS gy, = | ["’Ta—‘r’]’—% 6"; ]drwoj o (0 )W (fy — 1)AT (1) (7.3)

1AV

where ¥ means the magnetic flux function [Wb/rad], and ¢, is a constant that depends on the

local boundary geometry on the CCS [24]. In Egs. (7.1)-(7.3), W, wW® and WS are the

contributions of the external coil current to the point i. In each equation, " is the fundamental
solution which satisfies the equation
o(l1o) 0| .
—ar — =ré(r-a)o(z-b), 7.4
{ar[ Z) azz}w (r-2)5(z-b) (7.4

where o(r—-a) and o(z—Db) are Dirac's delta function. Equation (7.4) describes the

axisymmetric poloidal flux function for an arbitrary field point (r,z) caused by a toroidal current

spike at the coordinate (a,b). Then the fundamental solution " is given by
. Nar|(, K
1-— |K(k)-E(k) ]|, 7.5
v =20 |15 K () -E(K) (75)
with
K2 = dar (7.6)

(r+a)2 +(z—b)2 '

where K (k) and E(k) are the complete elliptic integrals of the first and the second kind,
respectively. The quantity B'(r, —r) means B =-n,-Vy /r with n, being the
assigned vector normal to the direction of the ‘magnetic probe’ located at the point 1. The

quantity r, denotes an arbitrary point on the vacuum vessel. j,, (r,,,) shows the linear

density [A/m] of the toroidal eddy current on the vacuum vessel.
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In each of Egs. (7.1)-(7.3) the first term on the RHS comes from the original CCS method
formulation. These parts of the boundary equations are derived from the Grad-Shafranov equation
for a vacuum field [52]. The second term on the RHS of each Eqgs. (7.1)-(7.3) describes the
contribution of the eddy current. Once both of the boundary conditions on the CCS and the current
density profile on the vacuum vessel have been solved, the magnetic flux value can be calculated

at an arbitrary point outside the plasma.
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Fig. 7.1. Schematic of modified CCS method.

61



Chapter7 Development of plasma shape reconstruction
during spherical tokamak merging

7.2.1 Boundary elements for descretization

The CCS and the vacuum vessel boundary are discretized using a set of discontinuous quadratic
boundary elements. Illustration of discontinuous quadratic boundary elements is shown in Fig. 7.
2. A boundary element consists of mesh points and nodes. The mesh points define the shape of
boundary element, while the nodes are points to give the physical quantities. Now a local

coordinate & s introduced which ranges from -1 to 1. Then the geometry coordinate (r,z) on

a boundary element is given by

Fr=gn+oh+h, I1=¢n+h, +¢7, (7.7)
with the interpolation functions
h=5E-D12, 4,=01-0)1+%) and ¢=5(1+8)/2. (7.8)

This quadratic element is convenient for arbitrary geometries and provides good approximation

of physical quantities. The physical quantities yw , ow/on and the eddy current j are

interpolated as

w(S) =0 (O + @, (), + D3 (w3, (7.9)
O oy _ oy oy Wy
% apf@)ooef®) o). o
and J(&) =D ()1 + P,(8) Jp + P3() s - (7.11)

Here, the interpolation functions for the physical quantities are different from the shape functions
of Eq. (7.8), since the node points at both ends are shifted toward the inside. This type of boundary
element is called the discontinuous element or the non-conforming element, as the physical
quantities are not assumed to be continuous at both ends of an element. The interpolation

functions adopted here have the forms

%(:)%4@4—1],cbz(a){l—gqj[ngcj and %(4)%@@&1}. 712)
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This use of the discontinuous elements is highly important to avoid the so-called “corner point”
problem. If one uses ordinary continuous elements, a corner point sandwiched between two
elements has two different values for the normal derivative of magnetic flux function depending
on the side under consideration, as two continuous boundary elements hold one nodal point in
common. To avoid this trouble, the adoption of the discontinuous elements is strongly
recommended, especially for the D-shaped CCS that has two corner points (later shown in

Fig.7.5(c)).

Nodes

Fig. 7.2. lllustration of the discontinuous quadratic boundary element

7.2.2 Regularization technique

In this way, finally, Egs. (7.1)-(7.3) are discretized, coupled and can be expressed in a matrix
equation form
Dp=g. (7.13)

The matrix equation (7.13) is solved using the singular value decomposition (SVD) technique
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[53] in such a way that the least square norm ||Dp=g]||l is minimized. The matrix D is
decomposed as D=UAV', where U and V' are orthogonal matrices and A is a diagonal
matrix with positive singular values or zero components. The solution in this case is given by
p=VA'U'g. (7.14)
To cut out high frequency modes and avoid a numerical instability of the solution, the so-called
truncated singular value decomposition (TSVD) technique [53] is used. In this technique, the
regularized solution is given by
P, =VAU'g. (7.15)
Here A, means that the singular values smaller than the component 4, in A are omitted so

that the condition number [53] is not larger than a certain value.

7.3 Reconstruction for UTST device (test calculation)
7.3.1 Analytical setting

Three representative phases (a. initial phase, b. merging phase, c. after merging) are considered
to model limiter configurations in the UTST device, as a typical example of a spherical tokamak
merging start-up. The vacuum vessel is regarded as axisymmetric in the toroidal direction and its
cross section has a convex shape as shown in FIG. 7.1. The reference distributions of magnetic
flux and the eddy current on the vacuum vessel were analyzed beforehand using a UTST
equilibrium code. Figures 7.3 (a)-(c) show the reference poloidal flux profiles in these three
phases. The blue heavy lines and red points show the plasma boundaries and limiter-plasma
contact positions, respectively. In the following discussion, only the equilibrium field (EF) coil

current effect is considered as the external coil effect in the formations of the flux distribution.
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Fig. 7.3 Reference poloidal flux profile in merging initial phase, merging phase and after
merging

7.3.2 Location of sensors and analytic nodes

The magnetic sensor signals were also generated from the reference flux profiles. The sensor
locations in this test calculations are illustrated in Fig. 7.4 (a). One assumes 47 flux loops and 43
field sensors, i.e., a total of 90 magnetic sensors inside the vacuum vessel. The field sensors detect
the poloidal magnetic field in a certain direction.

Segmentation of the conductor wall is shown in Fig. 7.4 (b). The convex shape of vacuum vessel
is divided into 17 discontinuous quadratic boundary elements, so that the total number of nodes
is 51 and the number of unknowns on vacuum vessel is 51. Further, the CCS shapes are set
differently in each merging phase. The CCS segmentations in the three phases are shown in Fig.

7. 5. The numbers of CCSs, boundary elements and nodes are listed in Table 7.1. In each of a.
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initial phase and b. merging phase two separated CCSs are set to enclose the corresponding two
magnetic axes. In c. after merging, one sets a “D-shaped” CCS that is supposed to be almost
similar to the shape of LCFS. When this method is applied for real time control of merging ST,
the number of CCSs has to be changed from two to one at a certain point of time. In each phase,
a total of 6 discontinuous quadratic boundary elements are used, so that the numbers of nodes and
unknowns on the CCS are 18 and 36, respectively. Eventually, the total number of unknowns is
87, which is smaller than a total of 90 magnetic sensors. Then the uniqueness of the solution is

guaranteed.
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(a) sensor locations (b) segmentation of the vacuum vessel wall

Fig. 7.4 Sensor locations and segmentation of the vacuum vessel wall
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Fig. 7.5 CCS segmentations at initial phase, merging phase and after merging

phase No. of CCSs No. of boundary No. of nodes
elements
(@) initial phase 2 3x2 18
(b)  merging phase 2 3x%2 18
(c)  after merging 1 6 18

Table. 7.1. The numbers of CCSs, boundary elements and nodes in each phase

7.3.3 Reconstructed poloidal flux profile and plasma boundary shape

The magnetic flux distributions and the eddy current profile were reconstructed in three different
phases and the influence of sensor signal noise was studied. The Gaussian noises were
numerically added to magnetic sensor signals. In the present study, one added a noise with 3 %
standard deviation to each sensor signal. Figures 7. 6 (a), (b) and (c) show the reconstructed flux
profiles in the three different phases. In each figure the magenta dashed contours show the
reference solution, while the black solid contours indicate the reconstructed solution (noise: 0 %).
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The blue, red, green solid lines show the reference plasma boundary, the reconstructed plasma
boundary (noise: 0 %) and the reconstructed plasma boundary (noise: 3 %), respectively. Further,
the reconstructed poloidal magnetic field profile in each phase was shown in Fig. 7. 7. In each
figure, the abscissa denotes the distance from the “start” point that is indicated in each
corresponding figure in Fig. 7. 6, in the counterclockwise direction along the perimeter of the
reference plasma boundary. The blue, red and green solid lines show the reference poloidal
magnetic field profile, the reconstructed poloidal magnetic field profile (noise: 0 %) and the
reconstructed poloidal magnetic field profile (noise: 3 %) on each plasma boundary, respectively.
Table 7.2 shows the number of singular values that are not truncated, the reference and the
reconstructed total plasma current (Ip) in each calculation. The reconstructed Ip was calculated

based on the following equation using the reconstructed plasma boundary condition

zij(la_ﬁ”jdp_ (7.16)
Uy 2\ T on

IP
As shown in Fig. 7. 6, the reconstructed flux profile in each case shows a good agreement with
the reference profile except in the vicinity of z =0 in Phase a (initial phase). In Phase a, the two
separated plasma boundaries are shown in the reconstruction, while the reference plasma has a
single boundary. However, in |z| >0.1m, when the sensor noise was not added, the discrepancy
of the reconstructed plasma boundary from the reference plasma boundary (in the direction
normal to the reference boundary) was less than 6 mm in Phase a (initial phase). With 3 % noise,
the discrepancy in Phase a was less than 25 mmiin |z| >0.1m.
On the other hand, in each of Phases b (merging phase) and c (after merging), the reconstructed
plasma has a single boundary as the same as the reference one. When the sensor noise was not
added, the discrepancy was less than 5 mm in Phase b and less than 3 mm in Phase c. When

considering the sensor signal noise, the discrepancy increases as a natural result. With 3 % noise,

the discrepancy was less than 11 mm in Phase b and less than 6 mm in Phase c.
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The slightly large plasma boundary discrepancy in the vicinity of z =0 in Phase a is thought
to be caused by the reference magnetic configuration itself. The plasma boundary discrepancy

Ar along the line z =0 can be estimated to be

1
Arz(aa—yr/j Ay . (7.17)
That is, the plasma boundary discrepancy Ar caused by the poloidal flux error Ay increases
in the region where the gradient of the poloidal flux is small. This trend causes large boundary
discrepancy in the vicinity of z =0, however, this estimation error may not degrade the
performance of the M-CCS method for the purpose to evaluate the plasma position and the current.
The poloidal magnetic field profile on the plasma boundary was reconstructed accurately in
each phase, as shown in Fig. 7.7. Further, tabele 7.2 shows that the reference error of total Ip was
smaller than 0.08 %, 1.2 % and 0.12 % respectively in Phase a, b and c even if the 3 % noise was

added.
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Fig. 7.6 The reconstructed poloidal flux profiles at initial phase, merging phase and after
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Fig. 7.7 The reconstructed poloidal magnetic field profiles along the plasma boundary at

initial phase, merging phase and after merging (The abscissa denotes the distance (journey)

along the perimeter of the reference plasma boundary.)
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Phase Added No. of not Reference Reconstructed Ip
sensor noise | truncated singular Ip (KA) (kA)
(%) values
0 77 70.23
(a) initial phase 70.00
3 76 70.52
0) o 0 74 66.77
mergin ase 66.41
Jngp 3 72 67.20
0 80 70.12
(c) after merging 70.00
3 76 70.81

Table 7.2.  The truncated number of singular values, reference and reconstructed total plasma
current in each phase

7.3.4 Reconstructed eddy current profile

The reconstructed eddy current profiles in the three phases are shown in FIG. 7. 8. The blue, red,
green solid lines show the reference eddy current profiles, the reconstructed eddy current profiles
(noise: 0 %) and the reconstructed eddy current profiles (noise: 3 %), respectively. In the present
study a thin wall approximation was assumed, so that the unit of eddy current density is described
as [MA/m]. Symbols of A, B C and D in FIG. 7. 8 show the positions on the vacuum vessel that
are previously indicated in FIG. 7. 3. In each phase, when the noise was not added, the eddy
current profile on vacuum vessel was reconstructed with fairly good accuracy. When the 3 %
noise was added, the reconstructed eddy current profiles became inaccurate, however the results

roughly reproduce the whole profiles.
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Fig. 7.8 The reconstructed eddy current profiles on the vacuum vessel at initial phase,
merging phase and after merging (The abscissa denotes the distance (journey) along the
perimeter of the vacuum vessel boundary. Symbols A, B, C, and D show the positions of the
vacuum vessel corners that are indicated in Fig. 7. 3.)

7.4 Possibility of introduction of Hansen’s L curve method

The aim of the present research is to seek the best analytic conditions for the reconstruction by
comparing the reconstructed solution with the reference solution that was given directly using a
MHD equilibrium code. That is, the author sought the optimized number of cut-off singular values
in such a way that the reconstructed profiles agree well with the reference solutions. However,
it’s necessary to decide automatically the optimized number of cut-off singular values. In this
section the capability of Hansen’s L-curve method [54] was investigated.

The present boundary integral formulation is discretized and finally converted to a form of

matrix equation Ax=b, where x is the vector of reconstructed solution that depends on the

number of cut-off singular values, while b denotes the vector containing the known sensor
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signals. Hansen’s L-curve method is based on the plot of the solution norm || vs. the residual

norm |ax-b|* (as a function of number of cut-off singular values in the present case). The plot

usually represents an L-shaped curve, and it can be supposed that the corner or the flex point of
the L-curve suggests the optimal number of cut-off singular points. Figures 7. 9 (a) — (c) show the
L-curves for cases we deal with. Even if the 3% noise was added, these cases clearly show L-
curves, and in each of these cases the flex point closely indicates the number of singular values
we adopted.

These calculation don’t spend much calculation cost because |x|* and |ax-b|’ can easily be
got. So it is very convenient to decide the optimized number of cut-off singular values. In the

following section, the number of cut-off singular values will be decided by the L curve method.

(a) initial phase (b) merging phase (c) after merging
0% noise was added
103Y ! ]067 1 ]O‘OT T " ™ b |
| b i | { {
| | S | 108 ‘1 |
102} } { RN i '
! ] f 0\ | i
| Ty | 5
al | - ; "’j;
NR ‘ N* 102} l i % 10| No.of not truncated singular value
10°¢ \ No. of not truncated singular value 1 } “'\ g | J‘ (adopted in this paper)
{ \ i \ No. of not truncated singular value | 1025\
\(adopted in thi I \ |
. \(a pptedin tis papey) 10°} \ (adopted in this paper) 1 .80\\
07 77K t \\14. i 1004
= ! | e NN i .-
10’1 e it .IOZ | N v OO P e | 10’2 at
107 10 10° 10# 10? 102 107 10° 10° 10* 102 107 10% 10° 10 102 102
2 2 !
Ax—b Ax-b| |4x -5
noise was added
10° i 108 10%° 1
i i \
6 3 \ 15
o ‘ 10°} \ 10
‘5 +
‘ 10} b 1010 ‘A
o 10 | o | o e
B i ) 2 ¢ No. of not trtincated singular value B g "\ No.of not truncated singular value
No. of not truncated singular value ‘[ (adopted in this paper) !‘ (adopted in this paper)
10° t (adopted in this paper) t !
10°} \ 10° 76X, s
. ! \
76 ———e | 7
102 R s . S O e 10° -
10% 104 103 102 10% 104 107 10° 10* 10°? 102
2 2 H e b\f
Ax—D)| | 4x—5] |

Fig. 7.9 Hansen’s L curve

73



Chapter7 Development of plasma shape reconstruction
during spherical tokamak merging

7.5 Reconstruction for ST40 (test calculation)
7.5.1 Analytical setting

In this section, merging compression operation (For details, see Chap. 1.) for ST40 was
considered. The reference distributions of magnetic flux and the eddy current on the vacuum
vessel were analyzed beforehand using fiesta and RZIP code [24] which has been used for
modeling merging compression start-up scenario in ST40.

The reference flux profiles in UTST employed in sections 7.2-4 was obtained under the
assumptions that the time constant of external coil currents were much longer than the resistive
time of the wall and that of plasma current was much shorter. Thus the time evolutions of the
coil/plasma/eddy currents were not taken into account. On the other hand, the references for ST40
were the snapshots of the evolving flux surfaces calculated by fiesta and RZIP code considering
the self inductances of the plasmas and mutual inductances between plasma and conductor walls.
Figure. 7. 10 shows coils, passive and plasma current waveforms simulated by fiesta + RZIP code
for merging compression start-up of ST40. In the present study three references at representative
timing, 360, 364, 368msec were used. Figure. 7. 11 (a), (b) and (c) show poloidal flux profile at
each timing. In this analysis the in-vessel coil (Merging Compression coil) current is also known

because MC coil current can be measured by Rogowski coil experimentally.

7.5.2 Location of sensors and analytic nodes
The magnetic sensor signals were also given from the reference flux profiles. The sensor
locations which were utilized for reconstruction in ST40 are illustrated in FIG. 7.12 (a). 46 flux

loops and 34 field sensors, a total of 80 magnetic sensors around the device were utilized. The
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field sensors detect the poloidal magnetic field in a certain direction. The part of flux loops are in
outside of the inner vacuum vessel.

Segmentation of the conductor wall is shown in FIG. 7.12 (b). As shown in FIG. 7.12 (b), actual
device has some other conductor components, such as coil shields, cryostat, etc, in addition to the
vacuum vessel wall. To consider the eddy currents induced on these additional conductor
components the reconstruction code was improved so that for calculating eddy current effect
correctly several sets of boundary can be located for calculating eddy current effect correctly
regardless of whether the assumed boundary is closed or not though in the conventional code only
a close vacuum vessel boundary can be described. The flux loops which locate outside of the
inner vacuum vessel can hereby be utilized for reconstruction. In ST40 case, these boundaries are
divided into 38 normal quadratic boundary elements to reduce unknowns of the eddy currents, so
that the total number of nodes is 78 and the number of unknowns on conductor components is 78.

Further, the CCS shapes are set differently in each time as well as the UTST analysis. The CCS
segmentations in the each time are shown in FIG. 7. 13. The numbers of CCSs, boundary elements
and nodes are listed in TABLE. 7.3. In merging phase, at t=360, 364msec two separated CCSs
are set to enclose the corresponding two magnetic axes. At t=368msec, one sets a “D-shaped”
CCS. Then boundary elements should densely be set in outboard region of the D-shape for
accurate reconstruction. This necessity of setting boundary elements densely in outboard region
is appeared to help the small number of sensors in the outboard region of ST40 device as shown
in fig. 7.12 (a). In each phase, a total of 6 discontinuous quadratic boundary elements are also
used, so that the numbers of nodes and unknowns on the CCS are 18 and 36, respectively.
Eventually, the total number of unknowns is 114, which is unfortunately larger than a total number
of 80 magnetic sensors. Then the uniqueness of the solution is not guaranteed. However, in ST40,

analysis setting with large number of boundaries as accurately as possible to model conductor
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components is clearly better than the setting with small number of boundaries which satisfies that
the number of unknowns is smaller than the sensor numbers. It seem to be reasonable because

regularization method are used in this method.
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Fig. 7.10 Coils, passive and plasma current waveforms simulated by fiesta + RZIP code for
merging compression start-up of ST40 (Courtesy of S. McNamara (Tokamak Energy L.t.d.))

(a) (b) (c)
Fig. 7.11 poloidal flux profile at (a) 360msec, (b) 364msec and (c) 368msec (Courtesy of S.
McNamara (Tokamak Energy L.t.d.)).
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phase No. of CCSs No. of boundary No. of nodes

elements

merging phase
2 3x2 18
(360 and 364msec)

after merging

(368msec)

Table. 7.3. The numbers of CCSs, boundary elements and nodes in each phase

7.5.3 Reconstructed poloidal flux profile and plasma boundary shape

The magnetic flux distributions were reconstructed in three representative time. Figures 7. 14
(a), (b) and (c) show the reconstructed flux profiles in each timing. In each figure the magenta
dashed contours show the reference solution, while the black solid contours indicate the
reconstructed solution (noise: 0 %). The blue, red, green solid lines show the reference plasma
boundary, the reconstructed plasma boundary (noise: 0 %). As shown in Fig.14 in test
calculation for ST40 reconstructed flux profile and plasma boundary agreed well with the
reference profiles as well as in one for UTST even though the ST40 have in-vessel coil and
complex conductor components. Similar to the test calculation for UTST, the error of the
reconstructed boundary around X point was slightly large. However, the slightly large plasma
boundary discrepancy around X point is also thought to be caused by the reference magnetic
configuration itself and the reconstructed results of the test calculation in ST40 was also

favorable for demonstrating this method in UTST experiment.
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Fig. 7.14 The reconstructed poloidal flux profiles at 360, 364 and 368msec

7.6 Conclusion

The M-CCS method has been applied to reconstruct the plasma boundary shape as well as the

eddy current profile for merging spherical tokamak in the UTST device. Achievement of this

research are summarized below.

* Two CCSs were set on close to the each magnetic axis during merging to apply the M-CCS
method merging operation.

e In UTST the plasma boundary shape has been reconstructed accurately using noiseless sensor
signals, reconstructed with fairly good accuracy using sensor signals with 3 % noise. The
eddy current profile has been also reconstructed with fairly good accuracy.

* In ST40 the plasma boundary shape has been reconstructed accurately using noiseless sensor

signals as well as test calculation for UTST even though the ST40 have in-vessel coil and
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complex conductor components.

From these test calculations preparation for experimental verification in UTST were complete.
The author believe that this analytical technique is also useful for other axial plasma merging
experiments. For example, in the doublet-shaped tokamak such as the doublet 11 (General
Atomics) [55] and the TCV (SPC) [56, 57], merging of two droplet-shaped plasma is regarded as
the preferred scenario for forming the configuration. The present technique can be also expected

as an effective analytical tool for such a doublet-shaped configuration.
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Chapter8

Conclusion

To investigate electron energization mechanism during ST merging start-up soft X-ray emission
was observed by SBD and soft X-ray imaging system in UTST merging experiments.

Experimental results are summarized below.

* Soft X-ray burst over 200eV was observed only during merging and the peak soft X-ray intensity
showed positive dependency on the effective electric field around X point. The electron energy
over 200eV was consistent with the result of simple 0D model calculation based on electron’s
duration of stay inside the reconnection region.

* 2D soft X-ray profile during merging was observed by soft X-ray imaging system. In very early
phase of the merging relatively wide soft X-ray emission was observed in the downstream
region and the emission finally formed the left-right asymmetric structure along a pair of the
separatrix.

* In test particle calculation of electron acceleration, the soft X-ray emisson profile was
accountable by the parallel acclereration by the induced toroidal electric field. This result
suggests that in early phase of the merging when charge separation did not grow enough parallel
electric field was induced not only inside diffusion region but also in the downstream region
and the electrons in the downstream region were remarkably accelerated by the parallel electric

field
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These results give the following achievements.

* The electrons near the X point or downstream region are effectively accelerated in toroidal
direction by the parallel electric field during plasma merging.

*The spatial profile of the accelerated electrons change with time phase during merging. In early
phase when the charge separation do not still grow enough, accelerated electrons spread
relatively wide area in the downstream region. Finally, in the almost steady phase of the
reconnection the emission profile become the left-right asymmetric structures along a pair of the

separatrix.

These results will be important knowledges for optimizing reconnection heating during ST
merging. Especially it should be noted that in the early phase before charge separation grows,
electrons are effectively energized in wide area of the downstream region. If such a condition can
be maintained for a long period, effective electron heating may be realized during ST merging.
However, in order to explore that potential, the detailed control of the merging process including
merging speed must be required.

Furthermore, to investigate how the accelerated electrons affect the final ST equilibrium after
merging, particularly the electron temperature, plasma shape reconstruction technique of merging
plasma was developed. The M-CCS method has been applied to reconstruct the plasma boundary
shape as well as the eddy current profile for merging ST in the UTST and ST40. Achievements

of this research are summarized below.

* Two CCSs set near the each magnetic axis during merging to provide accurate reconstruction

of the plasma shape by the M-CCS method.
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e In UTST the plasma boundary shape has been reconstructed accurately using noiseless sensor
signals, reconstructed with fairly good accuracy using sensor signals with 3 % noise. The
eddy current profile has been also reconstructed with fairly good accuracy.

* In ST40 the plasma boundary shape has been reconstructed accurately using noiseless sensor
signals as well as test calculation for UTST even though the ST40 have in-vessel coils and
complex conductor components.

From these test calculations preparation for experimental verification in UTST was completed.

The author believe that this analytical technique is also useful for the detailed control of the

merging plasma.
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