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Plasma Transport Induced by the Stochastic
Magnetic Field

By Tetsuyuki KuBoTa*!, Sanae-I. ITon*? and Masatoshi YAGr*?

The anomalous plasma transport induced by the stochastic magnetic field is studied to understand
the disruption phenomena in the tokamak plasma. At first, the transport matrix which indicate the
plasma transport in the stochastic magnetic field is formulated. For the formulation, the quasi-linear
approximation for the diffusivity of the stochastic magnetic field line is used and the shifted Maxwellian
is assumed to the particle distribution. Using this transport matrix the radial electric field formation,
which is generated by the ambipolar condition,and the associated temperature profile is obtained. The
temperature profile in the stochastic magnetic field becomes flat because of the rapid temperature
diffusion. Next the temperature crash, i.e., the sawtooth oscillation and the giant ELM, is analyzed
using the turbulence-turbulence transition model, which describes the transition between the state of
the electrostatic turbulence and that of the electromagnetic turbulence. This transition has a
hysteresis characteristics. When the state changes to the electromagnetic mode, the stochastic
magnetic field appears and the temperature transport is enhanced. This transition model is included in
the 1-D transport equation. To calculate this transport equation numerically the crash of the
temperature profile and the propagation of the crash front (avalanche) are realized by this model.
The collapse without a precursor oscillation is revealed.
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1. Introduction

Research on controlled thermonuclear fusion has
long been a world-wide project. Large tokamaks such
as JET, JT-60U and TFTR are making remarkable
progress toward a realization of fusion conditions in a
confined plasma. Recently, JET has produced slightly
in excess of 12 MW of fusion power using a deuterium
-tritium plasma. However, there are still many prob-
lems to be solved for the realization of fusion reactor.
For examples, understanding the physics of anoma-
lous transport phenomena or disruptive phenomena
in high temperature plasmas are important issues,
since these phenomena are an obstacle to attain the
Lawson’s criterion [1].

In magnetically confined plasmas, various types

*1 Interdisciplinary Graduate School of Engineering Sci-
ences, Kyushu University

*2 Research Institute for Applied Mechanics, Kyushu
University

of crash phenomena (disruptive phenomena) are ob-
served such as the sawtooth [2]~[4], the edge lo-
calized mode (ELM) [5]~[7], the internal collapse
[8] and so on. Such phenomena are essential and
challenging problems in fusion research since they
limit the attainable plasma performance. The study of
the catastrophic phenomena observed in high temper-
ature plasmas is also an academic problem of non-
linear and far-nonequilibrium systems.

The sawtooth crash is commonly observed in
ohmically and/or additionally heated plasmas in the
majority of tokamaks. The sawtooth oscillation is
characterized by the initial slow growth of the central
electron temperature followed by the temperature
crash. The theoretical study has been done to under-
stand the mechanism of the sawtooth crash. A focus
is made on the dynamics of the m=1, n=1 helical
mode (m and #n are the poloidal and troidal mode
numbers, respectively), i. e., Kadomatsev’s magnetic

reconnection model [9]. Resent experimental re-
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sults, however, have posed some questions about
Kadomtsev’'s magnetic reconnection model and about
numerical simulations based on it. That is, one is the
problem of the time scale of sawtooth crash and
another is the partial reconnection not full recon-
nection of the magnetic flux. For examples, in large
tokamaks such as JET, JT-60U, an observed crash
time is much faster than that predicted by the recon-
nection model. Furthermore, on the TEXTOR
tokamak, it has been observed that the safety factor ¢,
which represents the pitch of the magnetic field, on
the magnetic axis remains below unity during the
sawtooth [10, 11]. It means that the temperature
profile shows a fast flattening, while the magnetic
structure only slightly changes during the crash.
These finding have stimulated the search for a theory
that could simultaneously treat the temperature crash
and the slight change in the magnetic structure which
occur in faster time scale than that of Kadomtsev’s
reconnection model.

A model based on the magnetic stochastization
(magnetic braiding), which enhances the heat trans-
port without causing the reconnection of g=1 mag-
netic field line [12]~[14], has been proposed. The
stochastization occurs when the magnetic islands
overlap with each other [15]~[17]. Such magnetic
stochasticity can lead to a much enhanced particle and
energy transport perpendicular to the mean magnetic
field.

ELMs are considered as another example of
crash phenomena in high temperature plasmas,
where ELMs cause the pressure crash at the plasma
edge. The ELM bursts are frequently observed
during the high confinement mode (H-mode). In
experiments, at least three types of ELMS are
observed; type I (a giant ELM), type III and dithers
[7]. A giant ELM is obtained near the threshold
value of B-limit at the plasma surface. A simulation of
giant ELMs has been performed assuming a short
internal breakdown of the transport barrier [18].
Although the termination of transport barrier is
usually discussed in relation with the linear mag-
nethydorodynamics (MHD) stability [5, 6], there
remains a difficulty to explain the sudden increase of
magnetic fluctuation in the time scale of O (10us).
Several theoretical attempts to analyze the giant
ELM are still incomplete.

Recently, a model theory for the temperature
collapse has been proposed based on a transition from
the electrostatic turbulence, which is relevant to the
low confinement mode (L-mode) and the H-mode, to
the electromagnetic turbulence with braided magnetic
field (we call this state as “M-mode”) in the high-8
plasmas [19]~[21]. In the M-mode state, the pres-
sure gradient exceeds a critical value, and the associ-
ated smallscale magnetic islands satisfy the island
overlap condition. This leads to the enhanced elec-
tron transport in comparison with the ion transport,
causing the stronger turbulence. The hysteresis
characteristics between the two state are taken into
account in this model. Such a model has a potentiality
to explain the fast growth and the discontinuity of the
growth rate as the nonlinear modes. This model has
been applied to the study of the sawtooth oscillation
in O-dimensional case and the sawtooth-like oscilla-
tion of the pressure gradient has been obtained [20].
It has been shown that the giant ELM could be ex-
plained by the theory based on the transition between
the H-mode and the M-mode with the hysteresis
characteristics [21].

In this thesis, the enhanced plasma transport in-
duced by the stochastic magnetic field is considered
and the disruptive phenomena is studied based on
this model.

At first the plasma transport in the stocahstic
magnetic field is analyzed by use of the Boltzmann
equation which includes the effect of the magnetic
stochasticity. Assuming the quasi-linear approxima-
tion for the diffusivity of the magnetic field line, the
transport matrix is derived [22, 23]. By use of this
transport matrix, the formation of the radial electric
field is calculated and the associated temperature
profile in the stochastic region is evaluated. The
build up of radial electric field is shown to affect the
transport coefficients as well asthe temperature
gradients in that region.

Secondly the crash of the temperature profile is
studied by applying the turbulence-turbulence transi-
tion model between the L-mode and the M-mode in a
tokamak plasma [24, 25]. The turbulence-turbulence
transition model is included to thel-dimensional en-
ergy transport code. The spatial and temporal evolu-
tions of the heat transport are studied in the system
where the hysteresis characteristics between the
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heat conductivity and the pressure gradient exist.
The crash of the temperature profile, the propagation
of the crash front and the sawtooth-like oscillation of
the pressure gradient are realized by this model. Fur-
thermore, the characteristics of the avalanche associ-
ated with the crash are clarified.

The turbulence-turbulence transition model be-
tween the H-mode and the M-mode is also applied to
the analysis of the burst phenomena in the edge
plasma. The hysteresis characteristics of the heat
conductivity are incorporated into the 1-dimensional
energy transport code and the dynamics of the edge
temperature are studied. The pivot point, in which
the temperature perturbation tends to be zero, is
observed during the occurrence of the crash. The
propagation of the crash front, the spreading of the M
-mode region and the energy burst from the plasma
edge are simulated.

This thesis is organized in following way. In
Chapter 2, the collapse phenomena observed in ex-
periments are reviewed and some theories of the
anomalous plasma transport in the stochastic magnet-
ic field are explained.

In Chapter 3, the transport coefficients in the
stochastic magnetic field are studied. The 4x4 trans-
port matrix is formulated, which describes the rela-
tion between the thermodynamic forces and the
plasma fluxes. By using this transport matrix, the
temperature profile and the radial electric field which
is induced by the bipolar diffusion in the stocahstic
magnetic field are obtained.

In Chapter 4, the 1-dimensional energy transport
in the plasma core is studied. The turbulence-turbu-
lence transition model between the L-mode and the
M-mode are taken into account and the dynamics is
solved. The avalanche associated with the crash of
the temperature profile and the sawtooth-like oscilla-
tion of the pressure gradient are also shown.

In Chapter 5, the turbulence-turbulence transi-
tion model between the H-mode and the M-mode is
applied to the transport study of the edge plasma. The
1-dimensional energy transport equations for electron
and ion are solved. The avalanche processes and the
appearance of a pivot point of the temperature profile
during the crash are shown. The analysis of the
energy burst is also done.

Finally, in Chapter 6, the results and future

studies are summarized.

2. Review

The aime of this thesis is to analyze both the
enhanced plasma transport and the collapse of the
temperature profile induced by the magnetic
stochasticity. In this chapter the examples of the
experimental study on the temperature collapse are
shown and the theoretical study of the magnetic
stochasticity and of the anomalous transport are
surveyed.

At first the experimental study of the tempera-
ture collapses, the sawtooth crash and the giant ELM
are reviewed. Then the conventional model for the
temperature crash is explained. Some difficulties of
this model are discussed related with recent experi-
mental observations. Next, a new theoretical model
of the temperature collapse is described, on which
this study is grounded. The property of magnetic
stochasticity is briefly explained and the quasi-linear
magnetic diffusion coefficient in a stochastic magnetic
field is derived. Finally, a turbulence-turbulence tran-
sition model is introduced and two examples are
shown. As a first example, the turbulence-turbulence
transition model between the L-mode and the M-
mode is incorporated into the transport equation and
the results of the O-dimensional analysis for the
sawtooth crash are shown. As a second example, the
turbulence-turbulence transition model between the
H-mode and the M-mode is considered and the
characteristics of the giant ELM predicted by the
model are discussed.

2.1 Temperature collapse
2.1.1 Sawtooth crash
The sawtooth oscillation has been observed in
many tokamaks since it had been found in the ST
tokamak in the middle of 1970. In the ST tokamak,
fluctuations inX-ray intensity which have shown a
characteristic sawtooth behavior have been observed
(Fig. 2.1) [2]. The soft X-ray intensity shows the
information of the electron density and temperature.
The X-ray fluctuations are caused by a fluctuation in
either of these quantities, but predominantly temper-
ature fluctuations.
In a theoretical model proposed by Kadomtsev
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for the sawtooth oscillation [9], the temperature at
the plasma center increases slowly during the ramp-
up phase of the current, because of the ohmic heating.
As the results, the increase of the current density
makes the safety factor, ¢, below unity in the central
region. This instability is observed as a precursor of
the rapid sawtooth disruption. It is hypothesized that
the disruption occurs the result of a magnetic island
growing at the g=1 surface which leads to a rapid
reconnection of magnetic field lines. The recon-
nection leads to a stable configuration with ¢>1 all
over the plasma column, simultaneously producing
the observed flattening of the temperature and densi-
ty profiles. This cycle is then repeated (Fig. 2.2).

Later on a detailed sawtooth activity has been
observed in JET plasma by the measurements of soft
X-ray and electron cyclotron emission (ECE), during
the sawtooth collapse [4].

In the JET tokamak, the sawtooth collapse has
been reported to occur without precursors and on a
time scale faster than that expected from Kadomtsev’s

model.
MOVABLE SLOT APERTURE
SOFT X-RAY Be WINDOW VACUUM
DETECTOR . VESSEL

LEAD SHIELD PLASMA

X—-RAY SIGNAL—

Fig. 2.1 The X-ray traces exhibit internal dis-
ruption. (Cited from Fig.l in Ref.2)

The signal from a central X-ray detector has
shown the large-amplitude sawtooth oscillations with-
out precursors (Fig. 2.3). The expanded trace from
the central detector shows a very rapid collapse
occurring in ~100us, which is significantly shorter
than the time predicted theoretically, that is, ~10ms.

Recently, the Faraday rotation diagnostic tech-
nique, which is a direct method of detecting the
change of the magnetic field structure, has become
available and added a new picture in addition to the
fact that the safety factor ¢ remains below unity
during the sawtooth oscillation [10, 11].

A typical result for an ohmic discharge in
TEXTOR is shown in Fig. 2.4, where the upper three
traces represent an interferometric phase shift which
indicates the growth of the magnetic island and the
lower trace is the Faraday rotation signal of the
horizontal polarimetric probing beam which shows
the sift of the magnetic axis. From the experimental
result, the shift of the magnetic axis is estimated as
5.4cm corresponding to about one third of the radius
q=1 surface. Thus, it is clear that the growth of the
m=n=1 perturbation prior to a sawtooth collapse is
insufficient to push the magnetic axis to the ¢=1
surface. '

These experimental results at JET and
TEXTOR pose a question about the magnetic

Fig. 2.2 Time evolution of helical flux surfaces
during the full reconnectin process.
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reconnection model for the sawtooth oscillation.
Namely the crash time predicted by the Kadomtsev’s
magnetic reconnection model is about 100 times
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9 10 1 12 13
51
Sawtooth expanded below
4l Central detector,
vertical camera
m/l/i /! /l Shot 6320
3|
ICRH ON
21
2 \‘\N
Eat /
o)
=
[7]
c O
2 Central detector,
|- vertical camera
T~ 36
]
5
P 32| L
100ps
28
Non-central
detector
horizontal camera
36
32+
28 . >
11.1295 11.1300 11.1305
Time (s)

Fig. 2.3 X-ray signal intensity as a function of
time. The lower two traces have the
very expanded time scale.

(Cited from Fig.1 in Ref.4)
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Fig. 2.4 Schematic illustration of a growing m
=1 magnetic island and of the corre-
sponding- Faraday rotation to be de-
tected by a horizontal polarimetric
probing beam.

(Cited from Fig.4 in Ref.11)

longer than the experimental results, and the shift of
the magnetic axis obtained by the Faraday rotation is
smaller than that for the full collapse.  The
Kadomtsev’'s model and the studies based on it seem
to be insufficient to explain the sawtooth crash.

2.1.2 ELMs
Bursts of edge localized modes (ELMs) [5,7]

are frequently observed during the H-mode phase.
ELMs are classified into the three types according to
the occurrence of the magnetic precursor and the
dependence of the ELM frequency on the energy flux
through the separatrix, Ps. The classes of the ELM
are as follows.

® Type I ELMs (giant ELMs). The ELM repeti-
tion frequency Ve increases with the energy flux
through the separatrix:

dVELM

dP..,

>0. 2.1)

The burst occurs near the ideal ballooning limit. No
clear coherent magnetic precursor oscillation has
been identified.

oType III ELMs. The ELM repetition frequency
decreases with the energy flux through the
separatrix:

AVeLn

<0. 2.2
dPs., 2.2)

A coherent magnetic precursor oscillation of toroidal
mode number #=5~10 and poloidal mode number
=10~15 is observed on magnetic probes located
close to the plasma, especially in the outboard
midplane.

® Dithering cycles. For Py~ P#, repetitive L-H
-L transitions may occur, where P} is the power
threshold of the L-H transition. The repetition fre-
quency shows a slight decrease with increasing Psg.
Dithering cycles show no magnetic precursor oscilla-
tion; the level of turbulence during the temporary L
-mode does not significantly exceed that of the L-
phase at Puy < PH.

Figure 2.5 shows the input power and the D.-
signal at the divertor for the typical sequence of
ELMs during a power rise in DIII-D. Here D.-signal
resents the energy flux from the plasma surface. In a
discharge where the heating power is increased in
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step, type III ELMs occur at heating power close to
PLHthr, their frequency decreasing as P increases
until an ELM-free Phase appears. At even higher P,
type I ELMs (giant ELMs) occur, their frequency
now increases with P and the time scale of the crash
becomes the order of 10us.

The ideal MHD instability analysis has been
performed to explain the giant ELMs. The ideal
ballooning mode is supposed to be a candidate to
dictate the stability boundary [26]. In this analysis,
the edge pressure gradient builds up until the pres-
sure gradient reaches a threshold value, then, a giant
ELM occurs. However, the linear MHD analysis
cannot explain either the abrupt change of the growth
rate of magnetic perturbations or the dynamics of the
crash phase.

2.2 Theoretical models of temperature
collapse
As mentioned in the previous section, it is
known that the conventional theoretical models are
insufficient to explain the sudden temperature col-
lapse, i.e., the sawtooth crash and the giant ELMs.
Recently, a model for the collapse phenomena
has been proposed [20, 21]. This model asserts that
the temperature collapse and its repetition are caused
by the onset of the magnetic stochasticity and the

15 1 Injected NBI Power (MW) 59105
5
0 ] | ! . ! I L
D in the Divertor (a.u.) || Typel
Type Il
<>
S ——
500 1000 1560 ZOICO 2500 3000 3500
TME (msec)

Fig. 2.5 Typical sequence of ELMs during a
power rise in DIII-D: at P ~ P, type
III ELMs are found, at higher P, type I
ELMs (giant ELMs) occur (Cited
from Fig.2 in Ref.7).

hysteresis characteristics of the transport co-
efficients.

~ In this section, we review characteristics of the
magnetic stochasticity, and introduce a related
anomalous transport model, in which the hysteresis
characteristics of the transport coefficient are taken
into account.

2.2.1 Stochastic magnetic field

A Hamiltonian formalism is used to describe the
behavior of magnetic field line because the magnetic
field line can be regarded as the preservation system
[17]. When there are nested toroidal flux surfaces,
the field line trajectories are integrable, and the
Hamiltonian which corresponds to the toroidal flux is
formulated. Only very special configurations are
integrable, and any perturbations to an integrable
system will destroy the integrability. The problem is
solved by use of the perturbation method. The
primary effect is the occurrence of magnetic islands
at every rational surface, on which the magnetic field
line closes and the safety factor, ¢, equals to m/n,
where each line on the surface closes on itself after m
toroidal and # poloidal circuits. When the perturba-
tion increases, the high order islands appear around
the primary island. When the island sizes become
comparable to their separation, they overlap with
each other, that is called Chirikov criterion [27], and
the nonlinear interaction causes the field lines to
become stochastic. Figure 2.6 shows the evolution of
the trajectory of the magnetic field lines in a

() ]

Fig. 2.6 The evolution of area mapping. Moving
the small circle along the trajectory,
this small circle is mapped into a
complicated thin region and the width
0 of the area exponentially decreases in
order to conserve the total area.
(Cite from Fig.1 in Ref.14)
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stochastic magnetic field. The circle area is taken in
the magnetic field (Fig. 2.6(a)). This area is de-
formed followed with the change of the magnetic field
lines when the area moves along the direction of the
mean magnetic field. If the magnetic field is not
stochastic, then the area is only stretched to the
poloidal direction. However, once the magnetic field
becomes stochastic, the area becomes much compli-
cated (Fig. 2.6(c)). In the stochastic magnetic field,
the total area evolves as [ (z) =lexp (z/Lc) , where z is
taken along the direction of the mean toroidal field
and Lc is the correlation length. The wide 6 of the
area, 0 (z) =10exp (— z/Lc), exponentially decreases in
order to conserve the total area. All processes of
mapping are strictly reversible, but because the area
becomes extraordinarily extensive, any small spread-
ing perpendicular to the field line can be of great
importance of the particle diffusion.

When a Hamiltonian system is far from the
integrable limit (i. e., the magnetic stochasticity ap-
pears), the statistical approaches can be used to treat
the effect of stochastic trajectories. The simplest ap-
proach is to use a quasi-linear theory leading to a
diffusion coefficient depending only on the mean
square level of the perturbing forces. The radial dif-
fusion of magnetic field lines indicates the corre-
sponding particle diffusion since the plasma particle
is frozen in the magnetic field lines in the
collisionless limit. Next we review the effect of
magnetic turbulence on the transport.

2.2.2 Quasi-linear diffusion coefficient of the
magnetic field line

When the magnetic field lines are stochastic, the
particle is no longer confined within the flux surface.
This is because the flux surface is distruced by the
stochastic field. In a collisionless limit, particles are
frozen in the magnetic field line, so that we can use
the magnetic diffusion coefficient to estimate atest-
particle diffusion coefficient.

The trapped particles are much perturbed by the
turbulence of the magnetic field lines [28]. The
particle diffusion in the stochastic magnetic field is
represented by the quasi-linear formalism. The
mean magnetic field B and the perturbed magnetic
field B:, which is perpendicular to the mean magnetic
field, are assumed to be given, where x and z axes are

taken along the direction of the perturbation and the
mean magnetic field line, respectively (Fig. 2.7). It
is assumed that plasma particles move with constant
velocity ». along the magnetic field lines. The
particle diffusivity D, along x axis is described as

Dp=szM, (2 .3)

where Dy is the diffusivity of the magnetic field lines
which is defined as

D= dstolr(s), $b(x(0),0)), 2.4)

b(r,s)=B.(r,s)/B. (2.5)

The correlation between the b(r(s), s) and b (r
(0), 0) decays while the particle moves a distance of
s away along the braided magnetic field lines (Fig.
2.7). Therefore the integration length is limited from
0 to L in the Eq. (2.4). If the amplitude of magnetic
perturbation is small enough, the correlation of the
magnetic field is estimated as b (r(s),s) b6 (r(0), 0))
=b% The magnetic field line diffusivity is obtained as

DM=bZLs. (26)

The particle diffusion in the perpendicular direc-
tion in the stochastic magnetic field is proportional to
Dy, being represented by the quasilinear formalism.
If the amplitude of the magnetic perturbation is large
(strong turbulence limit),the magnetic field line
diffusivity is estimated as Dy oc b[19].

0 /'Z
L

k)

Fig. 2.7 The relation between the correlation
length and the particale diffusion.
Inside the elliptic line, the particle
correlates with the turbulence. The
correlation decays when the particle
moves Ls away from the orgin.
(Cited from Fig.5 in Ref.28)
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The radia transort is caused by the parallel
particle motion in destroyed magnetic surfaces. The
electrn heat conductivity in the stochastic magnetic
field is described as y.~Dwmvr, where vr is the
electron thermal velocity [14].

2.2.3 Turbulence-turbulence transition model
® L-M transition model for the sawtooth oscilla-
tion
Recently, a new approach to magnetic turbulence
and transport in toroidal plasma has been proposed
[20]. The nonlinear interaction in electron dynamics
leads to a nonlinear instability, which gives rise to the
anomalous electron viscosity w.. The balance be-
tween the stabilization effects of the heat conductivity
%, the anomalous ion viscosity w; and the destabiliza-
tion effect of u. determines the stationary turbulence
and anomalous transport. This turbulence belongs to
the strong turbulence. The theory of self-sustained
turbulence has been also applied to a turbulence with
the magnetic braiding in toroidal plasmas [19]. It has
been found that, if the pressure gradient exceeds a
certain threshold value, the self-sustainment of mag-
netic stochasticity occurs, causing the higher heat
conductivity. The state is called the M-mode (mag-
netic braiding mode). Taking the interchange mode
turbulence, the analytical formulae for y, the magnet-
ic perturbation amplitude and the threshold pressure
gradient have been obtained. The dependence of y on
the pressure gradient and on the magnetic structure
has been clarified. The electron heat conductivity, yx.
increases at most by a factor of mi/m., where m; and
m. are the ion and electron masses, respectively. The
ion heat conductivity x; enhances at most by a factor
of vmi/m.. The heat conductivity in the L-mode
plasma is given as [19]

(Goi+GOe)3/2 _C_z__U_A
s? wi R’

L

Xe,izA (2.7)
and the heat conductivities in the M-mode are given
as

m.T;

3/2
miTe ] CZ Va miTe
32 (0% R mgT,' ’

G()i + GOe

x¥=A (2.8)

and

x'=A

meTi 3/2
Goi+ Gy, V ] .
miT, [ mT,
—— , (2.9
s? w? R Y\ m.T;

where the superscripts L and M indicate the L-mode
and the M-mode and Goi. denotes the normalized
equilibrium pressure gradient coupled to the magnet-
ic curvature,

Rdln B dB.

adinr . dr ’ 2.10)

GOi,e=
@ and R are the minor and major radii, v4 is the Alfvén
velocity va=B/Juwommn;, s is the shear parameter s=
r(dg/dr)q~?, w, is the plasma frequency w;= ‘/g (e
and & are the electron charge and the permittivity of
free space), ¢ is the light speed and fBo is the total
plasma beta Bo=2uopo/B* (po is the total plasma
pressure). The coefficient A is chosen by comparing
% to the experimental observations and in this case A
=12 is chosen.

In this model, the magnetic fluctuations have the
nature of a cusptype catastrophe. And the heat con-
ductivities have hysteresis characteristics. The
threshold value at which the transition from the L-
mode to the M-mode occurs is calculated from the
Chirikov condition for magnetic braiding and is given
as

Go>G.~0.5s , 2.11)

and one of the transition from the M-mode to the L-
mode is given as

Go<G =~ 176, (2.12)

where Go=Goi+Go.. Figure 2.8 shows the hysteresis
curve of the transport coefficient.

For the explanation of the sawtooth oscillation,
the O-dimensional analysis of the heat transport has
been done by use of this model. The dynamical
change of the pressure gradient and the heat conduc-
tivity have been examined [20].

Figure 2.9 illustrates the dynamic behavior at
the sawtooth crash. At the time =0, the pressure
gradient reaches the critical condition of the transi-
tion from the L-mode to the M-mode which is indi-
cated by Eq. (2.11). The stochasticity, due to the
magnetic braiding, is switched on, and the heat con-
ductivity starts to increase in the time scale of 10T,
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Where T4, is the poloidal Alfven time Tap=+uomini/B,
(By is the poloidal magnetic field). The electron heat
conductivity is enhanced and the electron pressure
crashes in the time scale of O (temi/m.), where Tz is
the energy confinement time in the core region of the
L-mode (te ~7?/%*) and 7. is the minor radius at
which the crash happens. The ion heat conductivity
is also enhanced, and the ion pressure gradient is sub-
ject to the crash as well. The burst in the turbulence
and the anomalous transport continue until the total
pressure is reduced to the level of Eq.(2.12). There-
fore the crash time of ion pressure gradient, O (Tzm:
/m.), determines the duration of the burst. The du-
ration time is a few hundred times of T4. After the
enhanced turbulent state terminates, the plasma pres-
sure starts to increase, according to the L-mode con-
ductivity. This sequence is repeated periodically, and
is seen as the sawteeth. Figure 2.10 demonstrates
the long-time evolution for the calculation of Fig. 2.9.

I I S
107 & X(Go)
10?
10 M-branch
1
107"
16‘2 L-branch

107 G, 1072

sl I
10" G, 1
Go

R YR

10

Fig. 2.8 Heat conductivity as a function of the
pressure gradient. x against Go is
shown. The electron pressure gradient
and ion. pressure gradient are taken to
be equal. At critical values of the gra-
dient, G. and Gi, a bifurcation takes
place. The jump from the L- to M-
branch and that from the M- to L-
branch occur at Go=G. and Go=G1, re-
spectively.

(Cited from Fig.1 in Ref.20)

® H-M transition model for the giant ELM

This turbulence-turbulence transition model has
also been applied to the giant ELM [21]. In [21],
the theory of the self-sustained turbulence of the cur-
rent-diffusive ballooning mode has been developed in
the presence of a steep pressure gradient and a radial
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Fig. 2.9 Temporal evolution at the crash. The
normalized pressure gradient (top),
the ion thermal conductivity (middle)
and the ratio of v./y; (bottom) are
shown. In (a), the change during the
whole burst is shown. At time {=0,
stochasticity occurs, and the crash
starts. The magnetic braiding termi-
nates at #/t4~=<300, and the pressure
gradient starts to increase again. The
expanded view near the onset of the
crash is shown in (b).

(Cited from Fig.2 in Ref.20)
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Fig. 2.10 Long time evolution for the calculation
of Fig.2.9. The periodic crash and build
-up of the pressure gradient are dem-
onstrated. (Cited from Fig.3 in Ref.20)
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electric field shear. Multifold states for the L-mode,
H-mode and M-mode have been obtained. The heat
conductivities for the H- and L-modes are derived as
follows,

Xt

I 2.13

X 1+G(s,a)wk 2.13)
a*? &

Xi=——, (2.14)
g(s,a) 7

where wm= (dE,/dr) ta/B, &=—¢?RdB/dr is the
normalized pressure gradient, E, is the radial electric
field, the coefficients g and G are given as

g(s,a)=(1+2a—23)J2+3(s—a)2/ %+a—s} ,
(2.15)
2a 25(s—a )?
9(, 4 )R (94 C )
G(S,a)—g 1+g] 2 4(14+2a—2s) _l—C
><[1+i 14— |2
Saf Saf Jf* (2.16)

where C=3 (s — a)?(1/2+0—s) " and f= (1+20—2s)
J2+C. In the M-mode, the electron and ion heat
conductivities are enhanced as

ngﬂf " My, 2.17)
m.

x;v=1f " Myn: (2.18)
m.

The coefficient M denotes the numerical factor (0<M
<1) indicating the effective rate of stochastization.
In Egs.(2.8) and (2.9), M=1 is assumed [19]. The
threshold condition between the H-mode and the M-
mode has been obtained. When « reaches «Z, the
fluctuating islands overlap, where aZ is given as

o= g(lwwzl)s/“(us@“«/ 1+Gah ),

(2.19)
The condition of the back-transition from the M-mode
to the H-mode is given as

g 1
a<—

- - ﬁi K
sZ hY) 1+GO)§1
A schematic diagram of the various branches is shown
in Fig. 2.11. The Chirikov criterion for an H-M

(2.20)

transition is plotted on the s— o plane (called a s— o
diagram) for wm=0.1and ©wg=0.5 (Fig2.12). The
stability boundary of the linear ideal MHD ballooning
mode is also plotted for the reference. It is shown
that the critical boundary is close to the condition for
linear instability.

Inx (A.U)
\
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~.
Y (Linear) al
MH|

Inaau)

Fig. 2.11 Multifold solution of the self-sustained
turbulence. The heat conductivity is
shown as a function of the pressure
gradient parameter o.

(Cited from fig.1 in Ref.21)
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Fig. 2.12 The critical pressure gradient for the
M-mode transition in s— o diagram.
(Cited from Fig.4 in Ref.21)
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3. Transport matrix and electric field for-
mation in stochastic magnetic field

In this chapter we study the anomalous transport
of a high temperature plasma ina stochastic magnetic
field. The plasma transport matrix in the stochastic
region is formulated under the assumption of quasi-
linear approximation for the diffusivity of the magnet-
ic field line. By use of this transport matrix the radial
electric field formation and the associated density and
temperature profiles in the stochastic region are
obtained.

3.1 Introduction

The anomalous transport in the presence of a
stochastic magnetic field has received considerable
attention [12]. The research work has been done for
the explanation of the electron thermal conductivity
in toroidal devices [13, 14]. This mechanism is im-
portant since the heat flows rapidly perpendicular to
the mean magnetic field line. The heat is carried by
particles at their thermal speed without collisions,
and thus principally by electrons.
point of the plasma confinement, the stochastic mag-
netic field has received considerable attention. How-
ever, we do not have sufficient understanding of the
plasma transport in the stochastic magnetic field re-
gion. Other than the thermal conductivity [9], [29]
[31] not enough attention has been paid on the elec-
tron viscosity [32], i.e., hyper resistivity [33]. The
derivation of the elements in the form of transport
matrix has rarely been done.

Furthermore, the radial electric field has also re-
ceived strong attention in connection with the en-
hanced confinement [34]. What has been found in
experiments is the existence of not only the edge
electric field in the H-mode (High confinement
mode) discharges, but also the internal electric field
structure in another enhanced mode [35]. The rea-
son why such radial electric field exists is not yet
clear. The contribution from the diffusion in the
stochastic magnetic field is a candidate, since the par-
ticle diffusion is intrinsically bipolar which many
cause the radial electric field. The formulation of the
transport matrix in the presence of the stochastic
magnetic field will give a basis to understand the
transport process as well as the global mode stability

From the view

of toroidal plasmas.

In this chapter, we calculate the transport matrix
elements for cylindrical plasma in a stochastic mag-
netic field. In a collinsionless limit, quasilinear
approximation is used for the amplitude of the
magnetostatic perturbation. We consider the relation
of the plasma fluxes and the thermodynamic forces.
The elements including the off-diagonal terms are
derived. As an application, a formation of static elec-
tric field and the associated temperature distribution
are analyzed. Here we will focus on the ambipolar
electric field due to the particle diffusion, on the ther-
mal conduction, and on the parallel thermoelectrc
field caused by the thermal conduction. We also con-
sider the effect of the ambipolar electric field on the
plasma transport, where this electric field causes the
E'XB drift and drives the momentum flux.

The organization of this chapter is as follows. In
section 3.2, the 4 x4 transport matrix for each species
will be derived. Using the derived coefficients, the
formation of electric field, temperature distribution
and the effect of the EXB drift are examined in sec-
tion 3.3. Summary and discussion will be given in
section 3.4.

3.2 Formulation of transport matrix

In this section, we present our theoretical model
and formulae of the anomalous particle, momentum
and energy fluxes due to magnetostatic turbulence, i.
e., magnetic stochasticity. We consider a cylindrical
plasma immersed in a strong magnetic field in the z-
direction. The poloidal magnetic field is assumed to
be small. Even in the presence of the magnetic braid-
ing, the strength of the field is represented by the en-
semble averaged value. The plasma is inhomogeneous
in the radial direction.

We start our analysis with the kinetic equation
which has been used to derive the thermal diffusivity
and the current diffusivity [17] and extend the
argument in the following. When the gyro-radius,
0, is small compared with the inhomogeneity scale
lengths, the kinetic equation for electrons and ions in
the presence of magnetic stochasticity can be written
as,
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af q an 9
—+v-Vf+—(E+vXB):'V, . J S, o}
Y f m( vXB):V.f m{ <tV (r)} ppnl (33)
=—(|v D +c ©.D I :
' M) (f) m;n; at ']— %F]XB+V'_D]
where C(f) is a collision operator, and Du= (67)% (3.4
. . . . . . . a :
(_2151?0) indicates the diffusivity of the magnetic fTeld —— 2 pri(neE— - (P—p )]
line in the presence of stochasticity, where the field dx
line takes random walks at the distance 67= (B/B)
2nRo in going once around the torus. Quantities B, i( 3p,)+ V- Q+2P;: V U
B and R, are the fluctuation amplitude of the magnet- ot (3.5

ic field line, equilibrium magnetic field and major ra-
dius, respectively. Here we restrict to the collision-
less limit, and use the quasi-linear value for Dy. We
assume the Dy is uniform within the region of inter-
est. The effect of the magnetic fluctuation is con-
tained in the first term of the right hand of Eq.(3.1).
Therefore we analyze the term for magnetic sto-
chasticity.

To obtain matrix elements we shall take the mo-
ments of Eq.(3.1), specifying the unperturbed veloc-
ity distribution function. The plasma is assumed to
be in a steady state. Thus the velocity distribution fo;
is a function of the energy, m;v%2+q,¢, where ¢ is the
static potential, and canonical momenta in the @ and
parallel directions, Psj=m;r (0oj+7Q;/2), where Q; is

the cyclotron frequency, and P, j=m;v,;, respectively.

More specifically, we adopt a local Maxwellian distri-
bution as

f07'=f0u'f0”j '

1 v T exp[  m;(v;(x)-U;(x))
f0||/' \/; 2Yﬂlll( ) |: ZTH,-(x)
P mn,(x) {_ m(v;()ULE))?  ep(x)
T T, (x) 2T .,(x) (T)

(3.2

where j=i,e, T);(x) and T.;(x) are the parallel and
perpendicular temperature, U, (v) and U, (x) are the
mean velocity in the perpendicular and parallel direc-
tions ¢ (x) is the self-consistent electric potential, (T
1s the local averaged temperature, and m;, #; are par-
ticle mass and density. (Here 7 is expanded around
ro with respect to gyro-radius and a new coordinate x
given by x=r—ro+vej+Q; is used.)

Taking the 0-th to the second moments of Eq.
(3.1), we obtain

0
- —Q¥+e(I—n;U;)-E
0x

for each particle species. I'j=n;Uj, represents the
particle flux defined by I“,-=Svﬁd31), nj=S fid® is the
density, pi=n,T; (ESWU(V;'— U)¥,d%) is the pres-
sure, U; is the mean velocity, and @;=3T;Ij+g¢; is
the heat flux, where

qf:fm/(vf— U)lv,—U|*f;d% (3.6)
is the heat conduction, P; is the stress tensor and I is
a unit tensor. In this study U)j; and U, are consid-
ered as the mean velocity. Terms 'Y, P¥ and Q¥ are
the particle, momentum and heat fluxes induced by
the magnetic stochasticity where the subscript x
stands for the direction which is perpendicular to the
mean magnetic field line. They are given by

0 fo:
ng‘E—J‘lvmlDMﬁdsv; , 3.7
dx
dJ >
PA{,,/ flvllllml(vni UHJ)DM fO 7)1, (38)
, d
:| E f|v||]|m/(vu UJ.])DM fx;)J v] ’ (3.9)
fo;
Q= m m,(vH, Ull/)DM d%; , (3.10)

In order to calculate the above fluxes, the integrals of

1 -

'"“f o) 1w = Uy (x) ) fordvy,  (3.11)
Ut -®

1m+l fiowlvll(vi—‘Ul(x))“fMdvl, (3.12)
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for m=0, 1, 2, 3 and 4 are needed. In performing the
integration the thermodynamic forces are defined as

Ldn, 11dT, o dé

Xy=—-—t = — L, G T8 3.1

Ymdx 2T de (T) dx (3.13)

2 dUy;

X2j=_—”(x—) s (3.14)
Vrj dx
2 dU;

Xayj=— , (3.15)
Vry dx
1 dT7;

X4,'=_ s 1
T dx (3.16)

where vri=+v2T;/mj; is thermal velocity, for T;=T);
=T.;. Introducing normalized quantities given by,

rs . PY
AM_ xj AM _ xj part _ xj
FZJ'_ s L2 y L oLxj y
n;Vr; n;m;vr; nim;Vr;j
M
A i
x5 .
nﬂ)r,-T,-

The thermodynamic forces-fluxes relation is obtained
as

ry

A]!wlxi __ lD ex [_ ef¢(x) ]

pAJ/{xj rn " p <T>

o (3.17)

K K 0 K |[Xy

K K 0 K, || Xy

0 0K 0 || Xy

K, K, 0 Ks )| Xy
The matrix elements Ko, Ki, K, Ks, Ky, Ks, Ks are
expressed as

K= ——-¢"+,{1-20(y/2 X,,)}, (3.18)
T

K=0(y2X,)- % , (3.19)

Ky=— e-X012+X0j[q>(\/EXOJ)— l}, (3.20)
\/; 2

K= 2 e-X0f2+X0,-{q>(x/§X0,-)—l], (3.21)
N 2

K,= ——]-—Xoje_XOjZ‘F %{¢( \/EXOJ')_ %]’ (3.22)

2vVn

1

K= = et X, {1-20(vV2 X,,)}, (323
T
1 2
Ky= ——X, /e 0% ———p%o?
2
\/—’; \/; (3.24)

+%’®(\/5Xw)_ %]X"i’

where Xoj= U ; (x)/vr; and ® (x) is the error function
defined by

D(x)=

L J’x e Pdy
v Y=

Taking the limit that where Xo; is small com-
pared to unity, the error function, ® (Xy,) is expanded
with respect to Xo; and the terms up to the 2nd order
of Xoj are retained. In this case, the thermodynamic
forces-fluxes relation reduces as

r
Zi 1 [ eqb(x)]
[I57] i

—— —Dyexp| - 22
pr, | AT
AM

2

1+X5/2 Xoj 0 1 X,
X, 1 0 Xy il Xy
0 0 1+X3/2 0 || Xy |

1 Xoj 0 2 )Xy
(3.25)
where the determinant of the matrix up to the 2nd or-
der of X; is given to be 1. The alternative orthogonal
relation between fluxes and forces could be chosen in
Eqgs.(3.17) and (3.25). However, here we adopt Eq.
(3.25) to consider the following transport process.

3.3 Application of the transport matrix

3.3.1 Electric field on the multifold structure
of the magnetic field

Using the obtained matrix (3.17), we study the
generation of electric field in the stochastic region. In
this region, the thermal velocity of electron is larger
than that of ion, so that the electron flux is greater
than the ion flux. The transport in this region is in-
trinsically bipolar and the electric field can be induced.
The electric potential in the distribution function in
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Eq.(3.2) is introduced so as to be consistent with this
electric field.

We assume the model magnetic field structure,
shown in Fig. 3.1, where the stochastic region is put
between the non-stochastic regions. (In the non-
stochastic region, we assume that magnetic field lines
form the magnetic surfaces.) The particles flux and
heat flux flow across each region along the x direction.
The non-stochastic regions are labeled as 1, 3, and
the stocahstic region as 2. The region 2 is assumed
to be thin so that the slab geometry can be used.

In order to study the electric field formation in
the stochastic region, the boundary conditions on the
surface between regions 1 and 2 as well as between
regions 2 and 3 are necessary. A static case is con-
sidered and the condition that the particle and heat
fluxes across the boundaries are continuous is im-
posed. To this end the transport matrix in the non-
stochastic regions (1, 3 regions) is assumed to be
given as

rge D, 0 0 0 |(x&»
Py 0 my 0 0 || X5
- 13) =— — X(i’ 3) (3.26)
J_:’cj 0 0 }tlj 0 37
04 00 0 x )X

where Dj, u; and X; are the effective diffusivity, vis-
cosity and heat conductivity, respectively. Here we
consider the case where the transport mechanisms in
region 1 and in region 3 are the same and hence
use the same transport matrix. The matrix in the

@ @ , )
3 Z
r 7 stochastic - r @
—> region
Q(l) Q(3)
— " Ii—» — >
T
%
: v > X
0 1 *2

Fig. 3.1 The model plasma structure. The x axis
is in the minor radius direction. The re-
gions (1) and (3) are the magnetically
non-stochastic regions, and region (2)
is the stochastic region. The particle
flux and energy flux flow in the x direc-
tion.

stochastic region (region 2) is given by Eq.(3.25),
and it is assumed that the mean particle velocity is
small enough compared with the thermal velocity,
that is Xo;~0. We use the superscripts (1, 3) and (2)
for distinguishing the regions.

The corresponding thermodynamic forces are

XP =1 %x}’}) + %E‘“, (3.27)
XP=x, (3.28)

®= % dZ—; , (3.29)
el = Ti iigx— (3.30)

where (¢)=(1, 3) or (2).
The continuity conditions of the particle and heat
fluxes across the boundaries are given by

rP=r?=rp, (3.3D)

Q=0/7=00. (3.32)

Ion and electron particle fluxes are constrained by

thea mbipolar condition in each region as,
I'V(l) =F§1) F(z) =1'1§2) I'V(s) =IT(3) (3 33)

Imposing these conditions, we calculate the electric
field in each region, which can be written as

E"Y= #
e(Di+De)
N _
x| = (D=Di)+ o (Duek”~ Dkt |
(3.34)
Ty (— _
E®¥=— Q[xelc%'”— xal?], (3.35)
4ea
where
1 ed(x) ]
= —Duexp| - : :
a=— Mexp{ o) (3.36)

For convenience the electron diffusivity is taken to be
the same as the ion diffusivity in regions 1 and 3, that
is D.=D;. Then the Eq.(3.34) can be rewritten as
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E(1,3) —

k)] (3.37)

(T
4e

The electric field in region 2, E(2) should be
written as E (2) =—dg¢/dx in the consistent manner.

Then Eq.(3.35) is re-written as
il )
a |77 (o 7

“35s i)
4Dy (v T. 0T}’
(3.38)

where ¢. and ¢: are the x-components of heat flux
given by Eq.(3.6). The right hand side of Eq.(3.38)
is evaluated by the quantities at the boundary. The
general solution of the potential in the region 2 is
obtained as

4;M {xeK(Ti 3)_x i 3)}

_ep(x)
(T)
_ n q. qi ed’(xl)
‘ln[wM [vnT,,_ voeT l(x—x‘)ﬂxp[_ Ty H
(3.39)

where ¢ (x1) is the potential at x=x:. Differentiating
Eq.(3.39), the normalized field is given by

_e dpx)
(T) dx

el oer oo
4Dy | v7.T. vl

7 [ ¢ g B _edp(x) ]
4DM [ Un P) UT{T:’ ](x xl)+exp{ <T> ’
(3.40)

This electric field has hyperbolic dependence on
x. We can see from Eq. (3.40) that the electric field
in the stochastic region, region 2, depends on the
difference of the thermal mobility ratio between ion’s
and electron’s heat fluxes, gi/(DwvrT}),
adjoined non-stochastic regions.
Next using the transport matrix, Eq.(3.25), and
a modeled plasma configuration shown in Fig. 3.1, we
consider the temperature distribution in the sto-
chastic region. We impose the stationary condition
and assume that the heat fluxes are constant as qo; =
g (x) =¢? (x) =¢% (x), where the ¢% (x) is the heat
ﬂux, and consider the case where ge>qi. The elec-
tron heat flux in the regions 1, 3 is described by

in the

— d
g (x)==x0——T""(x).

I (3.41)

The electron heat flux in the stochastic region is
described by

a7 (x) _&[_ eq')(x)]
10T (x) I3 n
3 1 9 T,f”(x) e
[5 e ox Ty e )

(3.42)
if we approximate as k (k) ~0. Combining Eq.(3.39)
with Egs.(3.41) and (3.42), we obtain the tempera-
ture distribution in each region as

T<1)(x)__
X oe
= (3.43)
T (1)== L (0)+Tar
x0¢
2/3
B CR—
T§2)<x)= \/_ M
w [ Goe qoi }(x xl)
4Dy UTETM vrT
o)
+exp{— o
(3.44)

where yo. is chosen to be constant, To.=T® (0), Ti.
=TP (x1) and T2e=T9 (xs).

Using Egs.(3.39), (3.43) and (3.44), we calcu-
late the electric field and the temperature distribution
for the parameters of a tokamak plasma, the major ra-
dius R0=3m, the minor radius a=1m, To=1keV, yo.
=10m¥s. The value of the diffusivity of the magnetic
field line Dy is that, Du= (07)%/2nRo=5x10"%m, 6r=
2.5x10"%n or B/B=10"% which is estimated by the
Chirikov condition. Normalizations are given as E (2)
=E(2)/((T) a/e) and x=x/a. The results are shown
in Fig. 3.2 for go.=10keVm/s, where ¢o;j<qo; is as-
sumed. The temperature distribution in the sotchas-
tic region becomes flat and the positive radial electric
field is formed in the stochastic region 2.

3.3.2 Effect of the ExB drift
In this subsection, we consider the effect of the
ExB drift to the transport. The transport in the
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stochastic region in intrinsically bipolar and the
electric field can be induced. The case with Xo;=0 is
considered for simplicity. The slab geometry with
the non-stochastic region inside the stochastic region
outside is considered. The interface is denoted by
x=0.

The ExB drift occurs due to the ambipolar elec-
tric field and this drift causes the flow of the perpen-
dicular momentum in the x direction, P%;, if the ve-
locity gradient exists. The motion is dominated by
the ion, therefore we consider the ion momentum flux
P¥,.. The ExB drift

E dpx) 1
U.x)=——=—"— 3.45
(%) B i B (3.45)
T,
T T T T T T
1+ .
(@
0.8 |- . |
0.6 | T i
0.4 |- .
0.2 | .
0 | -
] ] ] 1
0 1 X
Stochastic
region
E
0.5 T T T T T | —
(®)
0.4 —
\
0.2 |- -
0.1 | -
0 F — .
1 1 1 1
0 1 z
‘Stocl}astic g
region

Fig. 3.2 (a) The temperature distribution. (b)
The induced electric field distribution.
T, E and % are the normalized tempera-
ture, normalized electric field and nor-
malized minor radius. The stochastic
region is bounded by £=0.2 and £=0.6.

is considered as a perpendicular ion velocity and high-
er order velocity such as ion polarization velocity is
neglected. Substituting this relation into Eq.(3.25),
we obtain the momentum flux as

M= \/%;B m;n(x)exp[—é(x)]@)df;f) ,
(3.46)

where ¢ (x) is the normalized electric potential as
¢ ) =ed &) /(T).

The direction of flux is shown in Fig.3.3. This
equation is rewritten as

dd(x)  VnPleB h )
x> Dummn(x){T) explgp(x)] . (34D

For a given constant P¥,;, the characteristic width of
this electric potential is estimated as

d= ’ Dymin (x )<T>
J;PilxieB '

To calculate the electric field, we use the am-
bipolar condition as I'¥=T"¥ or nvrI'¥=nvnl¥. The
electron thermal velocity is greater than that of ion
(vz.>vm), so that the ambipolar condition is approxi-
mated as T'¥~~0 or,

(3.48)

Z B
A A N
~M
Iy /
pliwxj [ > >
AM
Oy
/ i
/ a
ExXxB

Fig. 3.3 The coordinate system used in the
transport matrix. x and z xis are
taken along the minor radius and
toroidal direction, respectively. B is
the mean magnetic field and E is the
electric field generated by the
ambipolar condition. The direction of
the EXB drift is also shown.
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1 dn(x)
n(x) dx

d7x) 4 15091,

dx dx
(3.49)
The electron heat flux is only calculated, since
the electron heat transport is much greater than the
ion heat transport. The electron heat flux is re-
written from Eq.(3.25) as

l 1
2 T.(x)

M _
xe ™

n(x) 2T.(x) - dT.(x)
—Dy N T.(x) s exp[¢(x)]Te(x) T
(3.50)

where Q¥ is assumed to be constant. Combining the
Egs.(3.47), (3.49) and (3.50), we obtain the profiles
of the density, the temperature and the electric field.
Let us consider the stationary case. The particles,
heat and momentum fluxes are constant and continu-
ous across the boundary. The density, the tempera-
ture and the electric field are normalized as 7 (x) =
n () /o, To(6) =T.(x)/Two and E (x) =E )/ ((T)r:/e),
where rs is the characteristic width of the stochastic
region, #o and 7o are the density and the temperature
at the boundary between the stochastic region and
the non-stochastic region at the core side, respective-
ly. The boundary conditions are that #(0) =1, 7.(0)
=1, £(0)=0 and ¢(0)=0 and Q¥=q.0, where g.o is
estimated as g.o=#0X5keVm/s by using typical plasma
parameters and Dy=1.0x10"*m and P¥,;=nom:x2.0

=

1.0 (@)1

05 .

02 04 06 08 1.0z

(©)

8.0 .

40 b -

0.0
0.0

1 1 1 1
02 04 06 08 1.0x

x10™*m/s are used in this calculation.

The profiles of #, T, E and ¢ in the stochastic
region are shown in Fig.3.4. The density decreases
in the region of 0 <% <0.6 and increases rapidly for
%>0.6 (Fig.3.4(a)), while the temperature profile is
flat in the region of 0 <2 <0.75 and decreases rapidly
for £<0.75 (Fig.3.4(b)). The electric field grows lin-
eally for 0 <% < 0.6 and becomes flat for £>0.6 (Fig.
3.4(c)). The electric field indicates the ion sheath
whose width is about 0.6. This value is consistent
with the rough estimate of d, d=0.17m (d/r,~20.57),
from Eq.(3.48). The mean temperature 0 <x <0.8 is
(T)/Te0=0.91.

We see from Fig.3.4 that the electric field be-
comes flat for 2>0.6 and the velocity gradient be-
comes nearly zero, dU.i/d% ~0. #(x) increases to in-
finity in this region, to keep the constant momentum
flux condition (P¥,;=const. in Eq.(3.47)). The elec-
trons are trapped in the region 2> 0.6 by the induced
electric field by the ambipolar condition. This is seen
in Fig.3.4(a). The heat conductivity is decreased by
the electric field and by the increase of the density for
%> 0.6, since the heat flux is assumed to be constant.

3.4 Summary and discussion
In this chapter we formulated the plasma trans-
port matrix in the stochastic magnetic field structure
by use of the kinetic equation which included the ef-
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Fig. 3.4 The profiles of density (a), temperature (b), electric field (c) and electric
potential (d). #, T, E and ¢ versus £ are shown, respectively.
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fect of the magnetic stochasticity. In the calculation,
we assumed that the distribution of plasma particles
was shifted Maxwellian.

To apply the transport matrix, a simple study of
the electric field generation and of the temperature
distribution in the stochastic region was made. The
electron flux was at most root-mass-ratio greater than
that of ion, therefore the flux was bipolar and the
electric field can be induced.

At first we applied the transport matrix to the
modeled plasma configuration which had a layered
structure in the radial direction (Fig.3.1). The case
for ¢.>q; was considered. We used the ambipolar
condition for the particle flux in each region and the
particle and the heat fluxes were continuous at the
boundary between the stochastic and non-stochastic
region. The electric field was generated due to the

presence of stochastic magnetic diffusion and was

formed in accordance with the heat conductivity and
temperature gradient in the non-stochastic region. It
had a hyperbolic dependence on x, if Dy, y. and
were uniform. We also obtained the associated tem-
perature distribution in the stochastic region by use
of the transport matrix.

The generated electric field would induce the
plasma motion. The flow was determined by the force
from the electric field and the viscous drags in the
stochastic/non-stochastic regions. Using Egs.(3.4)
and (3.5), we obtained the consistent electric field
structure and the induced plasma flow. The am-
bipolar electric field caused the ExB drift. We intro-
duced the thermodynamic force dU.i/dx and combined
the equations of particle, momentum and heat fluxes.
We obtained the stationary profiles of the density, the
temperature and the electric field under the constant
momentum and heat supply. When the momentum
supply was large enough to make the characteristic
width of the viscous ion sheath d be d <7, than a sta-
tionary solution of the density tends to be infinity and
of the temperature tended to be zero at £>d. Wheth-
er the finite static electric potential would be gener-
- ated in the stochastic region under the boundary con-
ditions with constant heat and momentum fluxes or
not is not yet clear. This is left for our future work.

The electric field as well as the associated dissi-
pation affects the global MHD mode stability itself.
The stability and the fluctuation level determine the

characteristics of the stochasticity, e.g., the width of
the region, the magnitude of Dy and whether the
global stochasticity sets in or not, etc., These effects
should be examined to obtain the consistent solution.

Here we examined only the one dimensional
model. The MHD perturbations in tokamaks, includ-
ing the magnetic island, have helical structures. The
formation of the stochastic region is associated with
the helical perturbation and is essentially two di-
mensional. In order to develop a deeper understand-
ing of electric field formation, two dimensional model
should be considered. This is left for our future work.

4. 1-D simulation of sawtooth crash based
on turbulence-turbulence transition model

We considered the anomalous transport in the
static stochastic magnetic field and derived the trans-
port matrix in the previous chapter. We obtained the
static profiles of the density, the temperature and the
ambipolar electric field using the transport matrix.
However, the dynamics of the magnetic stochastization
and the plasma transport are not analyzed. We, here,
study the temporal evolution of the magnetic stochas-
ticity and the dynamical behavior of the temperature
collapse. The turbulence-turbulence transition model
which is mentioned in subsection 2.2.3 is employed.
The hysteresis characteristics of the heat conduc-
tivities are incorporated into the 1-dimensional trans-
port code. The crash of the temperature profile and
the propagation of the crash front (avalanche) are re-
alized in this analysis.

4.1 Introduction

The sawtooth crash is a common feature of the
ohmic and additionally heated plasma in the majority
of tokamaks [2]~[4]. As described in section 2.1,
theoretical models based on Kadomtsev’'s magnetic
reconnection model are insufficient to explain the
sawtooth crash. Recently, a turbulence-turbulence
transition model between the L-mode and the M-
mode has been proposed in order to explain the rapid
crash of the temperature profile. This model has
been applied to the 0-dimensional analysis of the ther-
mal transport and the sawtooth-like oscillation has
been obtained [20]. However, neither the propaga-
tion of a bifurcating point or the development of the
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temperature profile during the crash has not been an-
alyzed.

In this chapter, we employ the 1-dimensional
transport, ihcluding the hysteresis characteristics of
the heat conductivity and analyze the temporal
change of the spatial structure of temperature. The
dynamics of the collapse are analyzed. The propaga-
tion of the crash front and the avalanche of the tran-
sition processes are studied. The oscillation of the
pressure gradient is also examined. '

This chapter is organized as follows. In section
4.2, the model of transport simulation is described.
The simulation results with inclusion of the turbu-
lence-turbulence transition model are given in section
4.3. The avalanche process is analyzed with respect
to the threshold values of the transition. The time
evolution of the pressure gradient is shown to under-
stand the temperature collapse. The dependence of
the oscillation period on the threshold value and the
limitation of the crashed region are examined. Sum-
mary and discussion are given in section 4.4.

4.2 Simulation model
We introduce a simplified turbulence-turbulence
transition model to analyze the temperature crash
during the ohmic discharge. A sawtooth crash with-
out precursor oscillations is considered. The trans-
port model and the basic equations are shown.

4.2.1 Basic equations

In the numerical simulation, we employ the
transport code TASK/TR [36] combined with the tur-
bulence-turbulence transition model, in order to elu-
cidate the mechanism of the heat transport. In this 1
-dimensional transport code, a circular plasma cross
section is assumed. We solve the developments of
the plasma temperatures of electrons and ions 7, and
T;, and poloidal magnetic field B;. The 1-dimensional
radial transport equations are,

2 at ede)]— " af' xz ar ne e OH eq
(4.1)

3 0 1 0 7}

i ,'Ti = I iTi +Pg , 4—2

2 ot (i T0) r or [rx 8rn oo (42)

8Bp_ 0 n J

ot or {r ar (vB,) Jbs}’ “43)
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where 7 is the direction of minor radius, P, is the ion
-electron energy equipartition rate as,

1 1 3
P 3 " (T—~T) (2r)=3mmm. zT.2
eq— N, y Lie= y
"2 Ti. ne'ln A (4.5)
Py is the ohmic heating power as,
Pin=n"77, (4.6)

where n™C is the neoclassical resistivity, #; and m; are
the density and mass,respectively. The neoclassical
bootstrap current (a kind of the thermoelectric cur-
rent) Jis is introduced. The neoclassical formulae of
Jos and ¢ are employed according to [37].

We do not consider either the other heating pow-
er input or the power loss. In the present simulation,
the quasi-neutrality condition (#.=#:) are assumed
and the density profile is fixed in time to the following
form,

ni(r)={n(0)-n(a)}[1- (va)J+nla) , (4.7

where j=i,¢ denotes the particle species.

4.2.2 Hysteresis characteristics of the heat
conductivity

The characteristics of heat conductivity adopted
in this turbulence-turbulence transition model is as
follows. Both the ordinary heat conductivities (L-
mode), y%, and the heat conductivities at the en-
hanced transport mode (M-mode), %, are assumed
to be constant and independent of other parameters.
The electron heat conductivity in the M-mode is as-
sumed as

xy=Cng' , (48)

where Cy is taken to be a numerical constant. In the
M-mode, the electron heat conductivity could be
greater than that of ion’s by the square root mass ra-
tio, vmi/me., therefore the ion heat conductivity is as-
sumed as

x¥= (xiu—xf)’ vV m./m; +x7 . (4.9)
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The pressure gradient is increased by the ohmic
heating. When it exceeds the threshold value, the
transition from the L-mode to the M-mode occurs and
the heat conductivities are much enhanced compared
with those in the L-mode. The normalized pressure
gradient is expressed as, a=—q¢’Rdp/d,, where q is
the safety factor, g=7Br/RB; and B is the ratio of the
plasma pressure to the magnetic field pressure, =
n(TA4T:)/(B¥2u0). The threshold value of o from
the L-mode to the M-mode is given by a.. Once the
M-mode occurs, the pressure gradient is decreased
by the enhanced heat transport. When « is reduced
to the lower threshold value ai(on<a.), the back-
transition from the M-mode to the L-mode occurs.
We assume that the threshold values a. and a: are
given as external and free parameters. Figure 4.1 il-
lustrates the model hysteresis curve for the heat
conductivities. Using this model, we analyze the plas-
ma thermal transport with respect to the changes of
Cu, a. and a1. These parameters have been esti-
mated in subsection 2.2.3, however we here assume
that they are free parameters, and analyze the depen-
dence of the heat transport on their variations. We al-
so assume that the transport bifurcation occurs inside
the g=1 surface.

The heat conductivities adopted in this turbu-
lence-turbulence transition model (Egs.(4.1) and

X
x5
v A
X;
o, o, o

Fig. 4.1 The model hysteresis curve for the
heat conductivity. x% and x¥ are the
heat conductivities of the L-mode and
the M-mode, respectively. a. and o
are the threshold values of the transi-
tion and back-transition.

(4.2)) are given as,

[ xf+xY¢ (for the L-modo)

= ) 4.1
1Y+ (for the M-modo) (4.10

j
where %’ is the neoclassical heat conductivity. The
neoclassical formula of %€ is also employed according
to [37].
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Fig. 4.2 The radial profile of the pressure gradi-
ent, «, inside the g=1 surface, where
q=1 surface is located at 7/a=0.53, is
shown. The threshold values used for
this case are a.=4.65%x107% and au=
2.50%x 1072, The horizontal axis is taken
along the minor radius, #/a. The transi-
tions from the L-mode to the M-mode
(a) and the back-transition from the
M-mode to the L-mode (b) are shown.
The numbers 0 ~ 4 indicate the time
t/14=0.0, 1.1, 5.6, 8.9, 13.3, respec-
tively.
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4.3 Temporal evolution of temperature and
collapse dynamics
Numerical simulation of the energy transport
equations (Egs.(4.1)~ (4.10)) is done and the re-
sults are shown in this section. We choose the stan-
dard medium size tokamak parameters as : major ra-
dius R=1.3m, minor radius ¢=3.5x10"'m, the main
magnetic field Br=1.3T, the total plasma current
I,=3.0x107'MA and the central density #,(0) =3.0x
10%m™3,

4.3.1 The propagation of the crash front

We first show the particular behavior of the tem-
perature profile induced by the bifurcation of the heat
conductivities. Figure 4.2 shows the time slices of
the profile of the pressure gradient o (r) depicted
from the transport simulation. The radial profiles of
« inside the ¢g=1 surface (g<1) are plotted in Fig.4.2.
The location of g=1 surface is 7/a=0.53. We choose
the threshold parameters as, o.=4.65%1072, a1=2.50
x 1072, where the value of a. is adopted from the sat-
urated value of the pressure gradient at the g=1 sur-
face under the ohmic heating.

The successive transitions from the L-mode to

t/ Ty, 4
16.0 T T T

12.8
9.60 -

6.40 | © X .

(o]
o X

3.20 | ? B .
2

i
0.00 | | | | ? 1
0.45 T 0.51?,»/ a
1 0

0.26 032 0.38

Fig. 4.3 The propagation of the crash fronts and
their recovery are shown. The horizon-
tal axis is #/a and vertical axis is #/14.
The O and X points show the cases of
o1=2.50x10"% and a1=2.70x107%, re-
spectively. Marked points indicate the
location in time and real spae of the
crash fronts. For the numbered points,
the corresponding radial profiles of a
are shown in Fig.2 indicated by the
same numbers.

the M-mode are shown in Fig.4.2(a). The transition
from the L-mode to the M-mode takes place at the
q=1 surface when the pressure gradient, ¢, exceeds
a., that is shown in the curve labeled No.0. The heat
flux in the M-mode region is enhanced due to the
large heat conductivities, ¥, and the pressure gradi-
ent « in this region decreases. At the region adjacent
to the M-mode region, the pressure gradient o« is
forced to increase due to the enhanced heat flux from
the M-mode region. When the value of a exceeds a.,
another transition from the L-mode to the M-mode
occurs. The curve labeled No.1 shows the profile of
a after the time of ¢/t4=1.1, where ¢ denotes the time
from the start of the transition process and 14 (=
avponmi/B,) is the poloidal Alfvén time. In the re-
gion between g=1 surface and the surface where the
value of a is peaked, the heat conductivities change
from x% to x¥ and the flattening of the temperature
profile is seen.

We see that the crash front propagates. As time
goes on, the peaked point of &, which corresponds to
the crash front, propagates inward from the surface
labeled No.l and reaches the peaked point labeled
No.2 at t/t4=5.6(Fig.4.2(a)). The propagation of
the peak of « implies that the M-mode region spreads
from the first transition point to the peaked point of .
In this region, « decreases due to the enhanced heat
flux. We regard the propagation of the crash front as
an avalanche.

When a decreases to a1, the back-transition from
the M-mode to the L-mode occurs. The time slice of
a profile during the back-transition is shown in Fig.4.2
(b). The back-transition starts to occur in the vicin-
ity of 71, where o (1) =a1, and propagates from 7; to
g=1 surface (labeled No.3 and 4) similar to the for-
ward transition process. The labels of 1, 2 in Fig.4.2
(a) and 3, 4 in Fig.4.2(b) correspond to the time at
t/wp=1.1, 5.6, 8.9 and 13.3, respectively.

The propagation of the forward transition
(crash) and the back transition front is shown in Fig.
4.3, where the abscissa is the normalized radius, 7/a,
and the ordinate is taken as the normalized time, ¢/t4.
The points marked with the O and X illustrate the
propagation of the fronts for the different values of
lower threshold value a1; the cases of a1=2.50x10"2
(O) and 01=2.70x10"2(X) are shown, respectively.
The region of right hand side separated by the points



40 KuBota: Plasma Transport Induced by the Stochastic Magnetic Field

is considered to be the M-mode region. The numbers
0, 1, 2, 3 and 4 correspond to the numbered time
slices with arrows shown in Fig.4.2. The numbers in-
dicate the place of the transition front at the corre-
sponding time. In the case of a1=2.50%x107%, the
transition from the L-mode to the M-mode continues
to about #/14p=6.4, and after this time the back-tran-
sition, i.e., the transition from the M-mode to the L-
mode, occurs. Comparing the two cases, we see that
the crash front propagates deeper inside the plasma
in- accordance with the reduction of a1. The forward
propagation lines of crash fronts are seen to be almost
straight as is shown in Fig.4.3. The velocity of the
propagation of crash front, vcrash, is defined as the
slope of this line. We find that the velocity of the for-
ward propagation, Ve, is independent of i, being
nearly constant in time and of the order veasi™~vapX
1072, The crash time Tues, is defined as an interval
between the starts of the crash and the starts of the
recovering transition, that is Towsn~6.40X14 for the
case of a=2.5x1072 and is of the order of Terasi™ TapX
10'. Note that the time needed for completing the
back transition process is the similar order. This will
be referred as the pulse length, Tpus, later.

The dependence of veusn On the ratio of the heat
conductivities Cu(=y¥/x%), it is shown in Fig.4.4.
The velocity, voes, is found to be proportional to Cu
for the other fixed parameters. The crash time for
given a. and au is inversely proportional to x¥/y%.

Vcrash
x 1073
30.0F ' ' '

20.0F , h

10.0r .

0.0 10.0 200 30.0 40.0 50.0 Cy

Fig. 44 The dependence of vss: on the ratio of
the heat conductivity of the M-mode to
the L-mode heat conductivity, Cu, is

shown.

4.3.2 The repetitive crashes of the tempera-
ture gradient

In this sub-section, we examine the oscillation of
the temperature gradient as is revealed in the dynam-
ic change of the pressure gradient. In the framework
of our model, the periodic crash is realized by the rep-
etition of the bifurcations of the heat conductivities.
We attribute the sawteeth without precursor oscilla-
tion to this model.

The long time evolution of ¢ is shown in Fig.4.5,
its value at #/2a=0.52, just inside the ¢g=1 surface, is
drawn. The time =0 is set when the first crash oc-
curs. The temporal evolution resembles the saw-
tooth oscillation, showing the rapid drop due to the
enhanced heat flux and the slow increase by the
ohmic heating. We see from Fig.4.5 that the period of
the oscillation is order of Tww~14 X 10%. For the fixed
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Fig. 4.5 The long time evolution of the pressure
gradient, . The horizontal axis is, #/ta.
The changes of the value of a are ob-
served at #/a=0.52. (@) a1=2.80%x1072
(B) 1=3.20x1072
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value of a.=4.65%107?, the period depends on the a.
The cases with different values of a: are compared in
Fig4.5(a) (1=2.80x107%) and (b) (n=3.20x10?),
respectively. Figure 4.6 shows the dependence of Tsuw
on the value, a.—ai1. The period is found to be pro-
portional to a.—ai. It is clear that when o.— a1—0,
Tsew approaches to zero.

The dynamic behavior of the associated heat flux
is shown in Fig.4.7(a) and (b), they correspond to
the cases of a1=2.80x10"% and a1=3.20x107?(Fig.
4.5(a) and (b)), respectively. We see that when the
transition occurs, the heat pulses are induced. The
normalized heat flux is defined as

&e(t)E _xf’MV Te("h t)
o 7.(0)

(4.11)

a

where 71 is the observing point (r1/2=0.52) and
the superscript L or M denotes the heat conductivity
at the L-mode or the M-mode. The heights of the
heat pulse §. are found to be regulated by a. and .
The values of §. remain to be similar even if the value
of oy differs. The bursting period, Tpus, (pulse length
which was defined before) is the same order of the
crash time.

The dependence of the long time energy outflow
on the oscillation period, tsww, is shown in Fig.4.8.
The outflow at 71/a=0.52 is calculated, integrating
over the interval between t=t, to t=t (/t4=0 and
h/tap=1x10% as,
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Fig. 4.6 The dependence of the period of the os-
cillation on the value of a.— a1 The ax-
es are taken as the log-log plot. The
dotted line shows the function which is
proportional to ac— a.
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Fig. 4.7 The time evolution of the heat flux for
different value of ar1; (a) a1=2.80x1072
or (b) 1=3.20x10"% The horizontal
axis i8 t/14. The burst of the heat flux,
which is observed at #/a=0.52 is shown.
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Fig. 4.8 The dependence of the time integrated
exhaust energy on the oscillation peri-
od.
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~ t/T R dt
Qlotzfl qu_.

tO/'Ap TA]J

(4.12)

We examine the dependence of Qo changing the
value a: from 2.80x1072 to 3.30x107% We find that
Qu is almost independent of the period. This
indicates that the heat flux per one crash is almost
proportional to the period under the constant heating
condition. The energy outflow exhausted by one
crash is also examined. We calculate the difference of
the volume-integrated plasma energy between the
start and the end of the crash as,

aw=(["EG)7)

start of the crash

(" EG)ar) ,
0 end of the crash

where E () =T.(#)/T.(0) +T:(#)/(0) and #=r/a, re-
spectively. From the definitions (4.12) and (4.13),
Qui is expressed as Qu={ut/ s, Where Tom="Twu/Ta.
The result is shown in Fig.4.9. The exhausted ener-
gy per one crash is proportional to the period of the
oscillation, §uroc . Therefore Qu is independent of

(4.13)

Tsaw.

The temperature profiles of before and after the
crash are shown in Fig.4.10. The global temperature
profile is-affected a little by the bifurcation adopted in
this thesis. This is because the duration time of the
M-mode is much shorter than the heat diffusive time
and the region where the transition can occur is lim-
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Fig. 4.9 The dependence of the energy outflow
exhausted by one crash is shown. The
axes are taken as the log-log plot. The
dotted line shows the function which is
proportional tO Tsu/Tas.

ited. In a present analysis, not the full collapse but
the partial collapse is realized. The available param-
eter range of ¢ has the lower limit in this model and
is not sufficiently decreased for the crash front to
propagate to the center of plasma. The reason is that
the density is kept constant and is independent of the
turbulence-turbulence transition model. The explicit
expression of o is given by,

B
=—¢*R—
@ q ar
(4.14)
. ZR[ﬂ T+T, +ni[Te+T,-”
1%, B o\~ B )"

The term of the temperature gradient, the sec-
ond term of Eq.(4.14), can decrease to zero, but the
first term will not decrease to zero because we as-
sume that the density is constant in time. This gives
the lower limit for the parameter space of . There-
fore the value of back-transition condition o should
be chosen as,

vy ON
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1 ar
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B

v

a , (4.15)

This constrains the spatial region, where the
transitions are possible.

The change of the current profile, J (), is little
affected by this crash activity as is shown in Fig.4.11.
This fact differs from the conventional model of the
sawtooth crash based on the reconnection model [9]
and is consistent with the experimental finding.
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Fig. 4.10 The variation of the temperature pro-
file before (dashed curve) and after
the crash (solid curve) is illustrated.
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4.4 Summary and discussion

In this chapter, we performed the transport sim-
ulation with inclusion of the turbulence-turbulence
transition model. This model is described as follows.
When the pressure gradient exceeds the threshold
value a., the transition from the L-mode to the M-
mode occurs and the heat conductivities are much in-
creased. The enhanced heat flux reduces the pres-
sure gradient. When o decreases to the threshold
value for the back-transition a1, the M-mode comes
back to the L-mode. The bifurcation contains the
hysteresis, i.e., a1 <a.. We applied this to the trans-
port simulation and illustrated the possible dynamics
of the temperature profile.

Using the model, we revealed the avalanche as
the propagation of the crash front. The crash oc-
curred at the first transition point. The heat outflow
from theM-mode region made the pressure profile
steeper in the neighborhood regions, and the succes-
sive M-mode transition took place when the pressure
gradient exceeded the threshold value.

We studied the avalanche, which was character-
ized by the parameters ac, a1, ¥ and x%. We mea-
sured the propagation speed of the crash front and the
crash time of the temperature profile. The velocity of
the crash front was found to be order of as Verash ~vap X
10~ and was proportional to Cu(=yx¥/x%), but is
nearly independent of a.— a:.

The oscillation of the pressure gradient was ob-
served. We attributed this toa kind of sawtooth with-

J() 1 J(0)
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Fig. 4.11 The variation of the total current profile be-
fore (dashed curve) and after the crash
(solid curve) is illustrated. The current af-
ter the crash has almost the same profile
as one before the crash.

out precursor oscillation. The hysteresis characteris-
tic of the heat conductivity caused the periodic energy
bursts. The period of the oscillation was found to be
order of Tww~14x 103, and the pulse length was or-
der of tpuse~714px101. The duration time of the heat
pulse, Tmus, increased in proportion to the period of
the oscillation, tww. The time integrated energy ex-
hausted by the repetitive crashes was independent of
the period of the oscillation (Fig.4.8). The exhausted
energy per one crash was proportional to the period
of the oscillation (Fig.4.9).

In this analysis, we found that 1) the L/M tran-
sition could cause the very rapid temperature disrup-
tion which was the poloidal Alfven time scale and that
2) the current profile was little changed before and af-
ter the crash. Namely, the magnetic field structure in
the center was little affected and the central safety
factor could remain below unity. These were consis-
tent with the experimental results, i.e., the observed
crash time was the order of 10us and the location of
the magnetic axis was little changed and the central
safety factor remains below unity.

In the present analysis, the temperature full col-
lapse could not be obtained. Becouse of the fixed
density profile condition, the low limit for the param-
eter a was imposed. The crash front did not propa-
gate to the center of plasma. The braided magnetic
field lines possibly cause the changes not only in the
heat conductivity but also in the particle diffusivity.
Analysis of the time evolution of density profile to re-
alize the fell collapse is left for future study.

5. 1-D simulation of collapse in a giant
ELM based on turbulence-turbulence
transition model

In this chapter, we apply the turbulence-turbu-
lence transition model to study a collapse at the plas-
ma edge, which is called a giant ELM. A turbulence
-turbulence transition model between the H-mode
and the M-mode with the hysteresis characteristics is
applied to the simulation study of edge plasma dynam-
ics. The pressure profile development, the propaga-
tion of the bifurcation (transition) fronts and the re-
sultant bursting fluxes are simulated. The appear-
ance of a pivot point in the pressure profile, an ava-
lanche followed to the transition front propagation,
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and the evolution of the burst are shown.

5.1 Introduction

The burst of ELM has been often observed when
the edge pressure gradient approaches to the critical
B value. Termination of transport barrier has usually
been discussed based on the linear MHD stability
[5, 6]. However, the argument of the linear MHD
stability could not explain the sudden increase in the
magnetic fluctuation whose time scale is order of
10 us. The details are discussed in section 2.1.

Recently a turbulence-turbulence transition
model between the H-mode and the M-mode has
been proposed to explain a giant ELM [21]. The
transport bifurcation takes place between the self-
sustained turbulence of the electrostatic mode in the
presence of the electric field shear [34] (H-mode)
and the magnetic braiding mode [19] (M-mode).
The M-mode transport is caused by the microscopic
pressure-gradient-driven turbulence, and it reduces
to the one analyzed by Rechester and Rosenbluth
[13, 14] in a static magnetic field case.

In Chapter 4, the turbulence-turbulence transi-
tion model between the L-mode and the M-mode is
applied to explain the sawtooth crash in the core plas-
ma [20]. The 1-dimensional transport simulation has
been performed to study the crash dynamics inside
the g=1 surface of the plasma [25]. The crash of the
temperature and the propagation of the crash front
are realized.

We, here, apply the turbulence-turbulence tran-
sition model to the edge plasma and perform the sim-
ulation study of the giant ELM dynamics. The en-
hanced transport gives rise to a collapse of tempera-
ture profile accompanied with an avalanche process.
Due to the enhanced heat flux in the M-mode region,
a successive transition from the H-mode to the M-
mode occurs, if the normalized pressure gradient «
exceeds the threshold value, a.. This crash propa-
gates and the M-mode region spreads rapidly, i.e., an
avalanche. In the region where the M-mode governs
the transport, @ is decreased due to the rapid outflow
of heat flux. This process may reveal the plasma dy-
namics into the state with a global stochasticity. Af-
ter the depletion of o to o1 (ac > a1), the back-transi-
tion takes place and « starts to increase again. The
process repeats itself.

The organization of this chapter is as follows. In
section 5.2, the model of the transport simulation is
described. The simulation results are given in
section 5.3. The temporal evolution of the pressure
profile shows the existence of pivot point in the very
early stage of the collapse. The movements of the
crash fronts and the pivot point are analyzed in detail.
The dependence of the period of the oscillation is
examined. Summary and discussion are given in
section 5.4

5.2 Model of 1-dimensional energy transport
We include the modeled heat conductivities with
hysteresis into the 1-dimensional energy transport
equation. We solve the temporal development of the
temperature profiles. The density profile and the
mean magnetic field are fixed in time. The radial en-
ergy transport equation is

390

()T} 5 (DT D) |

(5.1)
where #;, T; and y; are the density, the temperature
and the heat conductivity, respectively, and 7 denotes
the particle species (j=i,e). The turbulence-turbu-
lence transition model of y; is introduced. We as-
sume, for the simplicity, that the heat conductivity in
the H-mode, ¥, or in the L-mode, %%, is constant and
independent of other parameters. The electron and
ion heat conductivities in the M-mode are obtained in
(21] as, yY=Vmi/m.My" and x¥=Vmi/m. My,
where M is parameter which indicates the effective
stochastization. The threshold values of the bifurca- -
tion are defined that when the pressure gradient « ex-
ceeds ac, the transition from the H-mode to the M-
mode occurs, and when the value of « reduces to ai,
the back-transition from the M-mode to the H-mode
occurs,where « is defined as a = —¢?*RdB/dr and q, R
and S are the safety factor, the major radius and the
beta value, respectively. The threshold values, a.
and ai, are the functions of magnetic well, the aspect
ratio R/a and the shear parameter s. Here, however,
we assume that the threshold values, a. and a1 (ac
>qi), are given to be numerical constants. The
hysteresis characteristics of the heat conductivity are
shown in Fig.5.1 schematically. The slab region near
the plasma edge is the region of interest, — L <#<0.
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Figure 5.2 shows the schematic configuration of the
edge plasma. The conditions for the simulation are
as follows. We choose the medium size standard
tokamak parameters as follows: the major and the mi-
nor radii are R=1.3m, a=0.35m, the toroidal magnet-
ic field is Br=1.3T. We take L=0.1m. The density is
assumed to be quasi-neutral, # (#) =#.() =#:(r), and
is considered as the linear function of 7,

n(0)—n(—L) ,

7 +n(0) , (5.2)

n(r)=

where n(—L)=2.0x10"»"% and % (0) =5.0x10%m "3
are used for this study. The safety factor is also as-

X
i
v 4
x;*
0 o, o

Fig. 5.1 The model hysteresis curve for the heat
conductivity. % and %’ are the heat
conductivities of the H-mode and the M
-mode, respectively. a. and a: are the
threshold values of the transition and
the back-transition.

The considered region

r
r=-L r=0

Fig. 5.2 The region of the calculateion. The
edge plasma in the toloidal plasma
which is indicated by the concentric
shell region is considered where the
poloidal symmetry is assumed.

sumed to be the linear function of 7, with g (— L) =1.2
and ¢ (0) =2 for convenience. The choice of these ¢
values dose not change the essential results of this
study. The temperatures at the plasma surface (r=
0) are chosen to be constant as 7.(0) =7;(0) =50eV.
The heat flux from the core plasma (r=—L) is kept
constant as @=@Qi. The background heat conductivi-
ty is assumed as x“=1.0m/s?>. The input heat flux Qi
is chosen to keep the temperatures as T.( —L) =0.34
keV, Ti(—L)=0.30keV at r=—L under the back-
ground heat conductivity, that is, Q»=1.97x10*
Jm~%7%. The value of T.(~L) and T; (—L) are cho-
sen to be reasonable for this size of tokamak. The
model H-mode heat conductivity, ¥, is imposed at
the region from 71 =—0.03m to ro=0m. And y¥ is as-
sumed as the parabolic function of 7, which simulates
the radial electric field profile (see Eq.(2.13)) as,

X=X

S (r =7 )+ X (5.3)
(7’0— 70)

x(r)=—-
whose minimum is taken as y%,=0.1m2/s at rc=r1/2
(Fig.,5.3). The threshold values are assumed as a.
=1.2 and a1=0.15 and the numerical factor in the M
-mode heat conductivities, M, is assumed as M=0.5
unless specified. The heat conductivity in the region
— L <r<n is assumed not be affected by the M-mode
transition, Namely, we use the constant y* in this
region. The variables are normalized as ?=#/a, =
tha, 3=y xwla?, T=T/T.(-= L, t=0), Q=Qx 1/ {aT.

X
(m?2/s) :
P
1.0 H-mode ]
< »
L-mode
0.5 ) N
0.1 :
0.0 I H
-L o Te rm)

Fig. 5.3 The assumed profile of the heat con-
ductivity. The back-ground heat con-
ductivity (L-mode) is taken ad y*=1m?
/s. The H-mode heat conductivity is in-
serted in the region from =0m to r=n
(r=—0.03m) and is assumed to be
parabolic function of 7.
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(—L, t=0) n(0)}, where 14 is the poloidal Alfvén
time (tap=avuonimi/Bp).

5.3 Temporal evolution of temperature and
avalanche dynamics

In this section, the results of transport simula-

tion are shown. We study the dynamics during the
temperature crash.

The time slices of the radial profiles of pressure

gradient a and 7. are shown in Figs.5.4 and 5.5. Fig-

ure 5.4 (a.1~a.4 and b.1~b.4) shows the profiles of
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a and T, respectively. In Fig. 5.4 (a.1 and b.1), the
dashed curves show the initial profiles of a and 7% un-
der the background heat conductivity (yx;=%* in the
whole region —L <#<0). Once the H-mode heat
conductivity is put into the region 7, <#?<0 to simu-
late the L- to H-mode transition, the slope of the tem-
perature profile starts to be steep and the value of
increases in this region. When « reaches the thresh-
old value, a., the first transition from the H-mode to
the M-mode occurs at the point labeled 7; (=#.). The
solid curves in Fig.5.4 (a.1 and b.1) show the profiles
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The time slices of the profile of a and 7.. The numbers 1~4 correspond to the

times, #=0.00, 0.26, 0.53 and 2.12, respectively. # is the boundary of the H-
mode region. In (a.1) and (b.1) the dashed curves show the initial L-mode
profile of a and 7% and in (a.2) ~ (a.4) and (b.2) ~ (b.4) the dotted curves show
the a and temperature profiles of the H-mode at #=0.00. The arrow | indicates
the crash front. The transition process starts at 7.
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of a and 7. at the time when « reaches a, respective- from/to the M-mode region. These peaked points are
ly. We take =0 as the start of the H- to M-mode the crash fronts. We can see that the locations of the
transition process. Figure 5.4 (a.2~a.4) shows the crash fronts move and the M-mode region expands.
profile of a at the time of /=0.26, £=0.53 and #=2.12, The crash propagates to outer and inner regions. At
respectively. In the region surrounded by the two the time £=2.12, the crash fronts reach the plasma
peaking points of o (these points are indicated by surface and the inner boundary of the transition re-
arrows in figures), the transport mode becomes the gion. The temperature profile becomes broadened
M-mode, and the pressure gradient o decreases. At followed with the propagation of the crash fronts as is
the transition boundary between the M-mode and the shown in Fig.5.4 (b.1~b.4) (The dotted curves in (b.2
H-mode, « is peaked by the enhanced energy flux ~h.4) show the temperature profile at #=0).
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Fig. 5.5 The time slices of the profile of a and 7.. The numbers 1~4 correspond to the
times, #=8.00, 15.91, 23.87 and 32.47, respectively. In (b.1) ~ (b.4) the dashed
curves show the temperature profile at #=0.00. The arrow | indicates the
boundary betwiin the H-mode and the M-mode (back-transition front).
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We discuss the pivot point of the temperature
profile. We see from Figs.5.4 (b.2~b.4) and 5.5(b.1
~b.4) that the pivot point in the profile of 7., which
is the point where the solid curve and the dotted
curve cross over with each other,appears and T.is de-
creased inside of this point and 7, is increased outside
due to the enhanced heat flux. The pivot point disap-
pears during the avalanche process (¢~18). At this
point the perturbation of the temperature becomes to
be zero. To show the behavior of the pivot point
more clearly, we take the temperature difference be-
tween the onset time =0 and the times at #=0.53,
=2.33, {=10.61 and =18.57 as,

AT D=1 1)-T.(7.i=0). (5.4)

Figure 5.6(a) shows the time slice of the radial
profile of AT, in the region of —0.15<#<0. Each
curve shows the profile of A7, at the time of #=0.53
(solid), #=2.33 (dashed), #=10.61(dotted) and =

ATe 0.20 T T -
transition region

2o S
0.00 —ir /\_
\ L ~ ,"’ ’
\
-0.20 - S0 .
-0.40 .
-0.15 -0.1 0.00 #
70.00
-0.05 - The orbit of the pivot point 7]
-0.10 | 1 1 1
0 5 10 15 20 251

Fig. 5.6 The time evolution of the pivot point.
(a) The time slice of A7, is shown.
The solid curve, dashed curve, dotted
curve and dotted-dashed curve are the
profile of AT. at the times #=0.53, 2.33,
10.61 an 18.53, respectively. The point,
®, indicates the pivot point. (b) The or-
bit of pivot is shown.

18.57 (dotted dashed). We see that the pivot point
first appears at #2¢#; and propagates to outer region.
Figure 5.6 (b) shows the orbit of the pivot point. This
point is not clearly observed after the time about #=
18.57 because AT, becomes nearly zero in the outer
side of the pivot point. However, the erosion of the
temperature profile still continues.

Next we show the time evolution of the transi-
tion boundary between the M-mode and the H-mode
in Fig.5.7. The ion and the electron heat fluxes out of
the plasma surface, Qe and Q,—, and the stored energy
are also shown in Fig.5.7. The stored energy is de-
fined as

w.(i)= [ a6 D+ 16 Dar,

N (5.5)
where the energy in the edge plasma region is
considered (from #=0 to #=—L).

The avalanche starts at /=0, that is indicated by
the point marked by ®, and the crash fronts propagate
outer and inner regions, which is shown in Fig.5.7 (a).
The propagation of the crash fronts is terminated at
the plasma surface (#=0) and the boundary of the
transition region at £=2.33. The enhanced electron
heat flux out of the plasma surface is increased rapidly
which is followed by the ion’s. This is shown in Fig.
5.7(b).

When the crash front reaches the plasma surface
(=2.33), the burst of the heat fluxes becomes very
large. The electron heat flux Q. is larger than the
ion’s Qi until #~31. The 1-dimensional simulation ex-
plores the detailed structures of the sawtooth crash.
After the termination of the propagation of the crash
front, the back-transition process starts. The M-
mode region becomes narrower and disappears at the
time of =32.47 and the burst terminates. Then the
pressure profile gradually recovers to the original one
with the time scale of 10°t4. Under the constant heat
flux from the upstream, the process repeats itself.
The repetitive bursts are also obtained by this analy-
sis as was reported in [25]

Followed with the burst of the heat fluxes, the
stored energy, W., starts to decease, which is shown
in Fig.5.7(c). The reduction of the stored energy ter-
minates when the burst is finished. The ratio of the
exhaust energy to the stored energy just before the
start of the avalanche is AW/ W.=4.8% in this case.
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Figure 5.8 shows the dependence of AW/ Ws to M,
where M? indicates the ratio of the M-mode electron
heat conductivity to the H-mode one, i.e., M%mi/m?
=y¥/xH., We can see from Fig.5.8 that AW,/ W, is al-
most independent of the ratio x¥/x”. The ratio of the
ion heat conductivity is proportional to M, but the
contribution of the ion transport is little enough. Fig-
ure 5.9 shows the dependence of the velocity of the
crash front, v, on M. The velocity of the crash
front is nearly proportional to M?. Related with the
velocity of the crash front, we define the duration
time by t.— &, where £ and f. denote the times of the
start and the end of the energy burst, respectively.
The duration time of the energy burst is the order of
10x 14 as is seen in Fig.5.7. It is inversely propor-
tional to the ratio M2. The averaged exhausted pow-
er flux during the burst is roughly estimated by (AW;
/W) /.~ and is proportional to the ratio M2.

On the other hand, Fig. 5.10 shows the relation
of the total heat flux out ofthe plasma surface, Qu, t0

0.00 :

M, where Qu: is defined that the time integral of the
heat flux during the burst as,

~ o[ ~ /- - ~ ~ -

Q,O,Eft {0.(7=0,t)+(r=0,i)}ds. (5.6)
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Fig. 5.8 The dependence of AW./W; on M. The
exhaust energy is almost independent
of M.
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Fig. 5.7 The time evolution of (a) the radial boundary of the M-mode region, (b) the
ion and the electron heat fluxes at the plasma surface (Q; and Q.) and (c) the
stored energy (W.). (a) The transition starts at #=0 and the M-mode region
expands rapidly. The expansion terminates at =2.33 and the M-mode region
becomes narrower and disappears at £=32.47. (b) The burst becomes large at
around #=2.33 and terminates when the M-mode region disappears, {=32.47.
(c) The stored energy is exhausted by the enhanced heat flux.
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We can see that Qu is almost independent of M.
This result is consistent with that the exhaust energy
per unit time during the burst is proportional to the
ratio of the heat conductivity.

5.4 Summary and discussion
In this chapter the dynamics of the edge plasma
and the burst of a giant ELM were simulated. The
turbulence-turbulence transition model with the
hysteresis characteristics is incorporated into' the
heat transport equation. We analyzed the temporal
evolution of the edge temperature profile by using 1

001 -

0.50 0.60 0.70 0.80 090 1.00M

Fig. 5.9 The dependence of vcrash on M. The
axes are taken as the log-log plot. The
deshed line shows the function which
is proportional to M2 The velocity of
the crash front is nearly proportional to
M.
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Fig. 5.10 The dependence of Qut on M. Qu is
almost independent of M.

-dimensional transport code.

The transition from the H-mode to the M-mode
occurred at a certain point in the edge layer, and the
transition fronts propagated to inside and outside
from this point. Followed with the propagation, the
region where the crashes of the temperature profile
expanded. We regard the propagation of crash front
as an avalanche. The velocity of the propagation was
proportional to the ratio of the electron heat conduc-
tivity for the M-mode to the one for the H-mode,
M?*mi/m.. The velocity was the order of Veas~10"2
Xva. Simulation results revealed the dynamic change
of the pressure in the state with the global stochas-
ticity.

The pivot point in the pressure profile was ob-
served during the crash, it propagated to the outer re-
gion, and disappeared in the time about 10us. The en-
ergy at the edge plasma was exhausted by the en-
hanced heat transport, which was almost independent
of the ratio M. The ratio of the exhausted energy to
the total stored energy in the system was about 4.8
%. The duration of the energy burst was of the order
of 10X 14 (~10us) and was inversely proportional to
M?. The averaged exhausted power flux in a burst
was proportional to the ratio M2

We previously applied the enhanced transport
model to simulate the sawtooth crash. Similar prop-
erties were seen in the propagation of the transition
front. The velocities of the transition fronts and the
duration of the energy bursts had the same order of
magnitude and show the similar parameter depen-
dence on yM/x* or y™/¢". The difference was seen in
the temperature profile dynamics and the amount of
exhausted energy. In this analysis we assumed that
the H/M transition started in the center of edge thin
layer, where the H-mode was supposed to be estab-
lished. After the H/M transition, the front was evac-
uated from the plasma surface, the back transition
took place only from the inner location (r=71) as seen
from Fig. 5.7(a). An extra time was necessary to re
-established the H-mode transport in the whole edge
region. During that time, the extra energy was ex-
hausted due to the effect of the M-mode transport.

During a burst, the electron heat flux Q. domi-
nated over the ion’s Q; for most of the duration time
(Fig.5.7(b)). There had been analyzed that the radi-
al electric field was induced in the presence of the dif-
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ference in the heat fluxes, Q.—Q;[23]. The positive
electric field would be induced in our case. In this
chapter, however, the consistent analysis with inclu-
sion of the induced radial electric field was not made.
Further analysis is necessary.

We analyzed the 1-dimensional system which
contained the region with the localized hysteresis
characteristics of the heat conductivity. The region
was connected to the L-mode region. We examined
the avalanche and burst phenomena. In [21], the
hysteresis characteristics and the heat conductivity
had the dependences on «. In this study, we consid-
ered that they were independent of c.

If this system is extended to 2-dimension, which is
like a self-organized critically (SOC) system [38], a
new property of the avalanche and the burst may
appear. These are left for our future work.

6. Summary

In this thesis we analyzed the transport proper-
ties in a stochastic magnetic field, the temporal evo-
lution of the magnetic stochasticity and the dynamical
behavior of the temperature collapse. The system
which had the hysteresis characteristics of the heat
conductivity was considered.

In Chapter 3, we derived the 4x4 transport ma-
trix. The matrix was for the fluxes of the particle, the
parallel and perpendicular momenta and the energy
across the mean magnetic field. It was assumed the
distribution function to be a shifted Maxwellian. The
Oth, the first and the second moments of the kinetic
equation were taken, in which the quasi-linear effect
of the magnetic fluctuation was incorporated, to de-
rive the matrix elements.

In the stochastic region the electron flux is
Jmi/m. times greater than that of ion, therefore the
particle transport is bipolar and the ambipolar electric
field is generated. The self-consistent ambipolar
electric field was included in the distribution function.

We analyzed the steady state profiles of the in-
duced electric field and the temperature, assuming a
layered structure of the configuration. Namely the
region, where the magnetic field became stochastic,
was inserted between the non-stochastic regions. It
was assumed that the particle and heat fluxes were
continuous at the boundaries. In each region, the

ambipolar condition was imposed on the particle
fluxes. The equations for determining profiles of the
ambipolar electric field and the temperature were de-
rived. The equation was solved with the constant flux
condition. The temperature profile which was flat-
tened by the enhanced heat transport was obtained.
The build up of positive radial electric field was also
seen.

We also considered the effect of the ExB drift
which was generated by the ambipolar electric field.
As the thermodynamical force to cause the momen-
tum flux,the velocity gradient was introduced in the
presence of EXB drift. The equations of the particle
flux, the momentum flux and the energy flux were
combined to analyze the profiles of the density, tem-
perature and the electric field. The EXxB drift is in-
cluded in the equation for the perpendicular momen-
tum flux. It was approximated that the ion particle
flux was small, since the electron flux was greater
than that of ion by the factor of the ion and electron
root mass ratio. The static profiles of the electron
density, the temperature and the radial electric field
were obtained under the constant flux condition. It
was found that the radial electric field produces a
viscous ion sheath. We obtained the characteristic
width of the electric field generated by the ambipolar
Dymin(x)(T)

Vr P"eB
typical width of the ion sheath. When the momentum
supply was large enough to make the characteristic
width d be d <7, then the density tended to be infin-
ity and temperature approached to zero for d <7 <7,
where rs was the width of the stochastic region.

In this study, the ambipolar condition I'.~0 was
used neglecting the contribution of the ion particle
flux. This constraint may be stringent since the
stochastic magnetic field could influence on the ion
particle flux. The divergence of the steady state so-
lution of density was attributed to the boundary con-
dition, i.e., the constant heat and momentum fluxes.
Therefore the time evolution of transport equations
with inclusion of the transport matrix under the global
boundary conditions should be analyzed for future
work.

In Chapter 4, we performed the transport simu-
lation for the sawtooth crash. It was shown the dy-
namics of the magnetic stochastization and the tem-

condition as d= which indicated the
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perature collapse induced by the stochastic magnetic
field. When the pressure gradient exceeded the
threshold value, a., and the amplitude of the magnetic
island satisfied the Chirikov criterion, the magnetic
stochasticity was generated and the heat transport
was enhanced by the strong magnetic turbulence
(this transport mode is called M-mode). When the
pressure gradient reduced to another threshold value,
o, the transport mode returned from the M-mode to
the L-mode. The hysteresis characteristics of the
heat conductivity was introduced to the 1-dimensional
energy transport equation. The solution revealed an
avalanche as the propagation of the crash front. The
sawtooth-like oscillation of the pressure gradient was
also obtained. We measured the velocity of the prop-
agation of the crash front and the crash time of the
temperature profile. The velocity of the crash front
was found to be order of Verasn~v4,x107% and was pro-
portional to Cu (=%¥/x%), but was nearly independent
of ac—ai. The period of the oscillation was found to
be order of tuw™~14 X% 10%, and the pulse length was or-
der of Tpuse~714x10'. The duration time of the heat
pulse, Tms, increased in proportion to the period of
the oscillation, T«w. The long time integrated energy
exhausted by the repetitive crashes was found to be
independent of the period of the oscillation.In other
word, the exhausted energy per one crash was pro-
portional to the period of the oscillation.

Little change was observed in the current profile
before and after the crash,therefore the central
magnetic structure was not changed by the crash.

In this study the full collapse of the temperature
profile could not be obtained. The avalanche starts at
q=1 surface, however, could not propagate to the cen-
ter of plasma. This is because the density was fixed
in time and the value of a had the lower limit under
this condition. The braided magnetic field lines pos-
sibly caused the changes not only in the heat conduc-
tivity but also in the particle diffusivity. Analysis of
the time evolution of density to realize the full col-
lapse is left for future study.

In Chapter 5 we further applied the turbulence-
turbulence transition model to the edge plasma. The
dynamics of the plasma and the energy burst during a

- giant ELM were simulated. The 1-dimensional trans-

port study was made for the system which had the
hysteresis characteristics in the heat conductivities.

The time evolution of the profiles of the pressure gra-
dient, «, and the electron temperature were solved.
The M-mode region was found to spread rapidly from
the first transition point. The temperature profile
crashed due to the enhanced heat transport in the M
-mode region and the crash front propagated. As the
result, the M-mode region extended. We obtained
the propagation of the transition point as was re-
vealed as the crash front propagation (avalanche).
The velocity of the crash front propagation was found
to be proportional to the ratio of the heat conductivity
of the M-mode to the H-mode and to be of the order
of Veasn~10"2Xv4. The pivot point in the tempera-
ture profile was found to appear during the crash. It
propagated to outer region and disappeared in the
time about 10us. The associated burst was examined.
The exhaust energy during a burst was found to be in-
dependent of the ratio M, where the ratio of the ex-
hausted energy to the total stored energy in the sys-
tem was about 4.8%. The duration time of the tem-
perature crash was the order of 10Xt and was al-
most inversely proportional to M?.

Some properties of the avalanche in a giant ELM
had the similarity to ones of the sawtooth crash. That
is, the velocity of the crash front was proportional to
the ratio of the heat conductivities and the exhausted
energy was independent of it.

In [21], the hysteresis characteristics and the
heat conductivity had the dependences on a. We sim-
plified the model and considered that they were inde-
pendent of . If this system is also extended to the 2
-dimension, a new property of the avalanche and burst
may appear. These are left for our future work.

In Chapters 4 and 5, it was observed that the
electron heat flux was greater than that of ion during
the temperature collapse. In Chapter 3, we found that
the difference between the electron and ion heat flux
caused the ambipolar electric field, therefore the elec-
tric field may be generated when the temperature col-
lapse occurs. If the transport matrix obtained in
Chapter 3 is connected with thel-dimensional trans-
port code used in this study, we shall obtain the dy-
namic behavior of the ambipolar electric field and the
associated effect on the transport. The inclusion of
the off-diagonal elements in the transport matrix as
well as the effect of the electric field is necessary. It
is left for our future study.
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