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L/H Transition Characteristics due to Bipolar
Losses in Tokamak Plasmas

By Shinichiro Topa*!, Masatoshi YAGI*2 and Sanae-I. Iton*?

The L/H transition theory is extended based on the electrostatic bifurcation. We study the bipolar
losses which have not been examined as the transition mechanisms yet and investigate the L/H
transition characteristics. The comparison study with the experimental results is also done.

It is found that the equation of motions has the solutions with various hysteresis types of
electrostatic bifurcation phenomena when the mechanisms of bipolar losses are considered. The
dependences of the particle flux and the diffusivity on the thermodynamic force in the presence of the

electric field are examined.

ELMs (Edge Localizes Modes) phenomena which are typical in the H-mode are studied. The
model equation is newly extended to include the effect of the electric field shear in addition to the
electric field shear. This model is also extended to the dynamic model which includes the temporal
evolution of the density from the static model with the hysteresis characteristics.
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1. Introduction

To utilize the released energy from the con-
trolled thermonuclear fusion is a candidate as a new
energy source of the next generations. The neces-
sary temperature to attain the D-T reaction overcom-
ing the Coulomb repulsion is about 10keV. Since such
high temperatures preclude the confinement by the
material walls, Magnetic field is used to confine a
plasma within a chamber without the contact with the
wall. The tokamak, which was invented in U.S.S.R.
in the mid-1960s, has been the most extensively
investigated and advanced. In the tokamak reactor,

it would be necessary to confine the energy of an
enough dense plasma for a time which allows an
adequate fraction of the fuel to react. The required
ion density is around 10~ and the energy confine-
ment time is of the order of a second, so-called
‘break even condition’. It is just recently to reach
the boundary of the break even in tokamaks. This is
because the anomalous transport causes the degra
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dation of the energy confinement (low confinement
mode). Indeed, both heating and confinement still
present substantial research tasks. One promising
scenario in the tokamak reactor is the operation in the
improved confinement regime known as H-mode
(high confinement mode). H-mode has been ob-
served in the large divertor tokamaks [1, 2, 3] for
the first time. It occurs spontaneously when the
neutral beam power exceeds a certain threshold
value. It was later found that a similar plasma be-
havior can be produced with various heating methods
in the divertor and limiter configurations, e.g., in the
ohmically heated limiter plasma discharges applying
sufficient voltage to a probe several centimeters
inside the plasma [4, 5, 6. The onset of the H-mode
is characterized by a sharp reduction in the H, {(or
D.) radiation, indicating a large reduction in recycl-
ing, and the sudden appearance of a strong radial
electric field. The radial electric field seems to occur
simultaneously with the suppression of the turbulent
fluctuations. The improved confinement takes place
before the pressure profile has changed significantly
[7]. This suggests that the change in field in the
cause, rather than the effect, of the improvement.
The change is most prominent near the edge and
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referred to a transport barrier. The H-mode is ge-
neric nature of the high temperature plasmas in
tokamaks. The physical issue of the L/H transition as
the anomalous transport should be understood.

To understand the L/H transition, several possi-
ble explanations have been reported for the sponta-
neous H-mode transition (see, e.g., Refs. [8, 9, 10,
11, 12, 13, 141). Theories of H-mode were devel-
oped based on static and zero dimensional (0-D)
model equations. A first theory based on the bifurca-
tion of the radial electric field E, was proposed. This
theory provides a picture of the bifurcation of the
transport coefficient and the establishment of the
transport barrier. In H-mode regime, the radial elec-
tric field is likely to take a large negative value or
positive value near the edge, whose magnitude is giv-
en by|X|=~1(X=e 0,E/Ti, 0p: ion poloidal gyro-
radius, 7;: ion temperature) [8]. Another model led
that the critical v+ (v+=VviRq/ (vns%), Vii: ion-ion
collision frequency, R: major radius, ¢: safety factor,
vri: ion thermal velocity, €: inverse aspect ratio, at
which the poloidal flow velocity makes sudden change
to the more negative value, is estimated to be unity,
i.e., v+~ 1 [10]. In both cases, the ion orbit loss
was taken as an example of bipolar losses. Presently,
it can be said that the bifurcations with the hysteresis
characteristics of E, and the poloidal rotation are put
on the solid basis of the H-mode physics. Because it
is difficult to evaluate accurately the hot ion orbit loss
and measure the profiles of the electric field and other
parameters, it has not been possible to make a
definitive comparison between theory and experi-
ment. The hard type bifurcation is predicted from the
stationary (ambipolar) condition. In this case, the
loss flux (as well as the radial electric field, fluctua-
tion level and so on) takes multiple (three) values at
the certain values of the fixed gradients. The hard
transition is characterized by the fast transition at the
critical points, has hysteresis and can generate the
limit cycle solutions. The flux which induces the
radial electric field can be caused by several mecha-
nism: ion loss cone [8, 10, 11], ion bulk viscosity [10,
11, 14, 15], anomalous loss (including Reynolds’
stress) [8, 161, electron ripple loss [15], the exter-
nal biasing [5], and so on. Other models of the I/H
transition were presented based on the soft transition
of the electric field shear [17, 18]. The balance

between the ion bulk viscosity loss and the anoma-
lous loss, which contains the anomalous shear viscos-
ity, was discussed [16, 17, 18, 19]. In this case, the
variation from the low confinement state to the high
confinement state can occur by following a smooth
change. The inclusion of E’, effect on the ion loss
cone and the anomalous loss gave the variety of the
bifurcation [20].

Edge localized modes (ELMs) are regularly ob-

-served phenomena characterized by the sudden drop

of the edge density or temperature with a burst of
particles or heat during the H phase in tokamak
plasmas. The ELMs usually follow the L-to-H tran-
sition and show a variety in the magnitude and fre-
quencies of the bursts and appear in some restricted
parameter space of the H-phase [1, 21, 22, 23, 24, 25,
26]. The phenomenological analysis has been done.
In various tokamaks, at the threshold, a sequence of
L-H-L transitions is observed prior to the final tran-
sition into the H-mode [21, 22]. This phenomenon,
a kind of ELMs, is known as a self-generated oscilla-
tion and is called “dithering ELMs”. There are other
class of ELMs (giant ELMs) which have large ampli
-tudes. They are considered to appear when the edge
plasma parameter is close to the critical stability
value of the ideal MHD mode [2, 22, 24, 25, 26].
Based on the bifurcation theory of the multivalued
curve of the poloidal rotation (or the radial electric
field), a new model theory [27, 28] of dithering
ELMs observed in JET-2M [21] was proposed. The
model theory extended the zero-dimensional model of
the L/H transition and included the temporal evolu-
tion and spatial diffusion. The equations for the edge
density and the radial electric field of this theory are
of time-dependent Ginzburg-Landau type. This theo-
retical model predicted periodic bursts of the loss flux
(a self-generated oscillation) owing to the hysteresis
curve in the transport coefficient as a dynamic solu-
tion. The parameter space for the occurrence of self
-generated oscillation was obtained. The L/H transi-
tion has been observed to have the hysteresis charac-
teristics of the plasma gradients and the associated
flows of particles and heat [22, 25]. The existence of
the self-generated oscillation was confirmed by
ASDEX-Upgrade experiments [29]. The extended
analyses on the coupled equations were done. The
physical mechanism which involves the hysteresis
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was confirmed experimentally. Other models of
ELMs were presented based on the soft transition of
the electric field shear [17, 18]. How the effects of
E’; on anomalous loss influence the dynamics of the
transition, e.g., the dithering ELMs is necessary to
study.

In this article, Chapter 2 surveys the L/H tran-
sition and ELMs physics base on former theoretical
and experimental results. In Chapter 3, models of
torques which may affect the momentum balance are
listed. These models belong to the bipolar losses,
which are the loss cone loss of ions, the bulk viscosity
loss of ions, the hot ion loss due to the toroidal
rippled field, the loss due to the collision between the
neutral particle and the ion and the anomalous loss.
Throughout Chapters 4, 5, 6, 7, using the poloidal
rotation balance equation, the conditions for the L/H
transition in the presence of the listed torques are
newly examined. In Chapter 4, the effect of the hot
ions on the L/H transition is studied to explain the
experimental results in JT-60U. In Chapter 5, the
impact of the bulk viscosity loss is examined and a
new type of hysteresis characteristics is found. We
name it ’double hysteresis characteristics’. This hyster
-esis is found in a certain parameter region. The pa-
rameter region is clarified. Due to the double hyster
-esis characteristics, the new-typed ELMs are found
and investigated in detail. In Chapter 6, the research
for the role of neutral particles on the L/H transition
is done to study the experimental results of JFT-2M.
Confirming the conventional knowledge that the neu-
trals at the main plasma mask the L/H transition, we
find a new effect of neutrals. Namely, neutrals which
are condensed near the X-point of the separatrix can
induce the L/H transition. The comparison study is
also made. In Chapter 7, the E’, effect is examined
explicitly in the bipolar losses. The E’, effect is also
included in Chapters 4, 5, 6, however, implicitly. The
transition dynamics associated with the hysteresis
curve is also investigated. The model theory for the
ELMs is extended to include the effect of the radial
electric field shear. From the static L/H transition
model in the presence of the radial electric field
shear, a model S curve for the diffusion coefficient
versus the density gradient is formulated. The exis-
tence of a limit cycle solutions is confirmed in the
presence of the radial electric field shear as well as

the radial electric field. The summary and discussion
are given in Chapter 8.

2. Reviews

The difference in energy confinement is the
most important aspect of an H-mode plasma com-
pared with an L-mode plasma [22]. The improve-
ment of the global energy confinement time is due to
a reduction of the electron heat diffusivity and the
particle diffusion coefficient. The different energy
and particle confinement properties L- and H-mode
are clear from the differences in the plasma poloidal
beta 3, and in the line averaged density 7. during the
neutral injection (NI). Figure 1 shows the variation
of H. radiation in the divertor chamber. H. increases
during the L-mode and drops sharply at the L-H
transition. In an H-mode, the particle content of the
plasma rises sharply without external gas feed. The
improved energy confinement causes the energy con-
tent of the discharge to rise, as is obvious from the
diamagnetic signal. (See B, in Fig.1.) The energy
content of an H-mode plasma is nearly twice as large
as that of an L-mode plasma, since the heating power
is the same in the two cases and the energy confine-
ment time in the H-mode is nearly twice as long as
that in the L-mode. The variation of the edge elec-
tron temperature with the beam power in the limiter
discharges is compared with that in L- and H-type
divertor discharges. Almost a linear increase of 7.
with Par is observed for the L- and H-type divertor
discharges, where T is the electron temperature and
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Fig. 1 Electron density ., 8,. and H. radiation
in the divertor chamber; the L/H transi-
tion is indicated by the dashed vertical
line. (cited from Ref. [22])
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Pxzis the power of the neutral injection. These exper-
imental observations predict that the L-H transition
can be viewed as a bifurcation phenomenon in the
sense that the properties of the final state (e.g. the
confinement properties) differ widely and also sug-
gest that the transition should have a property that
the heat and particle fluxes have two or multiple
values for one condition of the temperature and den-
sity. The radial electric field, E,, plays the role to
cause such a transition as a hidden variable.

The prominent characteristic of H-mode is the
formation of the transport barrier. That leads to
reduced outflow of energy and particles, improved
confinement properties of the plasma and steep gra-
dients at the plasma edge with subsequent occur-
rence of ELMs. The drastic changes of plasma pro-
file at the edge as monitored by SX diagnostic are
shown in Fig.2. The SX radiation is given by the
product of certain functions of #. and T., where #. is
the electron density. A steep electron pressure gra-
dient causes strong radial variation of the SX radia-
tion. The profiles of Fig. 2 have been obtained just
before L-H transitions and 50ms thereafter [22].

The experimental characterization of ELMs has
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Fig. 2 Radial profiles of the SX radiation in the
L-phase before the L-H transition and
shortly afterwards at A¢=50ms (cited
from Ref. [22])

recently began. For example, the classification of
ELMs in ASDEX-Upgrade was made [30]. At a
heating power near the power threshold for the L-H
transition, periodic L-H-L transitions known as self-
generated oscillation occur. For (P—PH)/Pi>0.2,
ELMs called type III occur, where P is the injected
power and P is the threshold power value of the L
/H transition. They are characterized by dVewm/d
P<0, where vy is the frequency of ELMs. The
frequency decreases as the power is increased. For
(P— P4 /P> 0.5, the discharge becomes ELM-free.
ELMs called type I occur, for (P—PX)/Pi>1. They
are characterized by dveu/dP>0. The power depen-
dence of the frequency is opposite to that of type IIL
These ELMs are considered to appear when the edge
plasma parameter is close to the critical stability
value of the ideal MHD mode [22, 23, 24, 25, 26].
Comparison of the different dynamic behavior of the
H-mode with varying (P—P)/PH was shown in
Fig.3. The new classification has been done recently
in Ref. [31], considering the experimental results in
the toroidal fusion devices in addition to ASDEX-
Upgrade. Three distinct types of ELMs were listed
there as follow:

1. Dithering ELMs. At Py, ~ P&, repetitive L-H
-L transitions can occur, where P is the
energy power through the separatrix. Dithering
cycles show no magnetic precursor oscillation.
The level of turbulence during the temporary L-
phase does not significantly exceed that of the
L-phase at Psep Puy< PH.

2. Type I ELMs. The ELMs cycle frequency Veww
increases with the power in excess of Psp,
rather than P, i.e., dVem/dPs«>0. There is a
coherent magnetic precursor oscillation with
toroidal mode number N =~ 5—10 and poloidal
mode number M =~ 10—15 on the magnetic
probes located close to plasma. A high level of
magnetic fluctuations is detected during ELMs.

3. Type III ELMs. The ELM cycle frequency de-
creases with the power through the separatrix,
1.e. dVELn/dPsp<0. In present experimental re-
sults, there is no clear magnetic precursor os-
cillation. On the other hand, a high level of in-
coherent magnetic fluctuations has been detected.
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To explain the experimental results, various
kinds of theories for the H-mode transition were
proposed. The first theory for the H-mode transition
was reported [8] which included the bipolar loss in
order to obtain the consistent ambipolar radial
electric field. A bifurcation in the particle flux asso-
ciated with the change of the radial electric field is
found. By this theory, the particle and energy fluxes
can have multiple values for the same density and
temperature condition and the critical edge condition
for the transition was obtained. The ion flux in the
region of |a-7|< 0y is attributed to the direct orbital
loss (a: minor radius, 0y: ion poloidal gyroradius,
urimiqR/(@eB:), Br: toroidal magnetic field). The ion
orbital loss was given by

Piz(ni'vii/\/; )pp;F, 2.1

where the coefficient F' is proportional to the relative
number of particles in the loss cone in the velocity
space, 0 < F' < 1 and # is the ion density. In order
to estimate F in the presence of E, two simple
assumptions were made. (1) The ions which satisfy
the resonance condition v/(gR) =E,/(rB:) are lost

directly. (2) The ion distribution function f; is close
to the Maxwellian, f; o< exp (—v?;/v%). Then the
estimation F o< exp {— (oreE,/T:)?} was made and
the ion loss has the form

I_‘licz nx’Vﬂ_pPiF exp[_ [ epP;E’ ] }, (2.2)

Ve T,
where the coefficient F' is the contribution of the
bounce average. On the other hand, the anomalous
loss was taken as

o7 =—Dm.| —+a (2.3)

+
N, T. T,

n'. T'. eE, J

where @ is a numerical coefficient of the order of
unity. The parameter D) is the bipolar anomalous
diffusivity. The prime denotes the derivative with
respect to the radial direction. Equating Egs. (2.2)
and (2.3), the equation to determine the ambipolar
electric field was given as

o 5222

T,‘ Ti

I),
(2.4)
where do=D%+/( 0%LEvi) and A=—0p 0o+ a

OH Power 2393 Dalpha in Divertor y
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Fig. 3 Comparison of the different dynamic behavior of H-mode with varying (P—PH)/PH4, (a)

(P-PH)/PH=0.0, (b) (P—PH)/PH~

1.2, (cited from Ref. [30])

0.2, (c) (P-P#)/P&=0.5, (d) (P-PH)/PH~
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T"./T.). Figure 4 (a) illustrates the A dependence of
I"as the solution of Eq. (2.4) and Fig.4 (b) shows the
A dependence of the radial electric field. When Ais
below the critical value A, the electric field is nega-
tive and the fluxes are large. If A exceeds A., the
electric field turns to positive and the fluxes are
reduced. The L mode corresponds to the branch of
the large loss flux and the H mode is the reduced loss
flux. It is shown that the bifurcation from the L to H
mode takes placeas A > B”— C — C” — D and that
from the H to L mode occurs at D - C"— B — B’
— A. Because A, for the L- to H-mode transition is
larger than that for the H- to L-mode transition,
there is a hysteresis in the relation of I"and A as
shown in Fig.4 (a). An extended model for the L-H
transition was reported in Refs. [10, 11, 12]. The
poloidal flow velocity U, was chosen as an indepen-
dent variable instead of E,. To determine U,, the
poloidal momentum equation was solved. In stan-
dard neoclassical theory, the poloidal momentum is
damped by the poloidal (parallel) viscosity (B, «+ V

72), because there is neither a momentum source nor
a sink. Here 7 is the ion viscosity and the angular
brackets denote the flux surface average. In the
edge region, the poloidal rotation is driven by the
torque or viscosity associated with the ion orbit loss
or any other radial currents. The quantity (B, + V

7) was calculated by solving the drift kinetic
equation with mass flow velocity [32]. The results is

<Bp. v '<7_Z)>= ( J;/4)(82/T)nimiuTiBt(IpUp+ITU[70)y

2.5)
where Uyp=—piuri(dT:/dr)/ T; and 0: is the ion gyro
-radius. The integrals I, and Ir are defined as

a5 oo 3

S o

[v X3 vT/ v, )]2

(2.6)
where v is the particle veloéity, x=v/vri, Um=U,B/
(vriBy) + A/2 for the radial force balance and vr is
the collision frequency for the anisotropy relaxation
[33]. The ion orbit loss rate was estimated to be

an,-
at

Gnwi;
=— 1 €Xp
orbit {V‘i+ (WUp,m )4}?

- v+ (U7}

2.7

where G is a geometric factor of the order of unity
that depends on the detailed shape of the loss cone in
phase space and w, a numerical constant, accounts
for the orbit shape, such as orbit squeezing [34, 35].
A assuming Ar ~ py where A7 is the characteristic
width over which the ion orbit loss is important and
I"ieis the particle loss associated with the ion orbit
loss, the ion orbit loss was estimated to be

Gnwvi \/; Dpi

—expl— (vt (U, )15 ).
{V"i+ (u)Uﬂm )4} B

e __
Te=

(2.8
Equation (2.8) shows an extended form from Eq.

(a)

A
3
Ti

2

1L

0 i
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Fig. 4 Solutions for (a) the normalized flux
and (b) the radial electric field as a
function of A (for the case of do=1.3).
Transition from the branch of the large
flux to that of small flux occurs as A=
A. (cited from Ref. [8]
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(2.2). The poloidal momentum balance equation
leads
—(e/c)T“XB*B,=(B,* V *77). 2.9

Substituting Egs. (2.5) and (2.8) into Eq. (2.9), an
algebraic equation for U, was given as

GV*,‘
vt (WU, )} 7

Vi [Vepn H] U,B.

4 Ar UTin

exp {— [veit+ (w Up.m)4 ] _21_}

+I; Upo}.
(2.10)

The solution of Eq. (2.10) was obtained graphically

by examining the intersections of two functions, Y1
(Upm) [the left hand side of Eq. (2.10)] and Y2 (Uym)
[the right hand side of Eq. (2.10)] for a given set of
parameters. As an example, parameters were set as
follows: G=1, (7te ) 0/ (4 Ar)=1.36, €=0.25, w=
0.5, for simplicity, A=0.2 and UsoB/ (v1iB;) =0.2. The
collionality v+ was chosen as the control parameter.
As can be seen from Fig.5, at v«=2.3, there is only
one solution of U,. This solution was called the L
root. At vs=2.0, there are three solution of U,. The
two outside solutions are stable and the one in the
middle is unstable. The solution close to the origin is
the continuation of the L root; the more negative
stable solution is the new root (H root), which does
not exist if there is no ion orbit loss. When Vs
decreases further, only the more negative H root
exists. In Fig.6, U, as the function of v+ was shown
for the same parameters as in Fig.5. The critical v+
at which E, makes a sudden change to a more
negative was either greater than or less than unity.
The different version of the ion loss due to the bulk
viscosity was reported in Ref. [14]. The original
neoclassical analysis by Galeev and Sagdeev [36] for
the plateau and the banana regimes led to expres-
sions for the particle loss due to the bulk viscosity of
the form
b T e

n .
I'"'=-D,| —~+y,—— —(E~B,U; ]
j J[ 7 Y T, Ti( » Il)

H )
2.11)
where j=i or ¢ denotes ions or electrons, respective-
ly. In the plateau regime, 7;=3/2 and D;=+/7 €2 0,T;/

(27¢;B,), where 0;=/2m,T;/(eB) is the Larmor
radius, U;) is the mean velocity along the magnetic
field and the other notation is standard. For a plasma
without an internal electrode, where neoclassical
transport is the only source or loss mechanism, or if
the other loss mechanisms are ambipolar, quasi-
neutrality requires I'%=T"%. Since D=0 (me/m:)? D;,
the first expression in brackets in the ion loss has to
cancel to the same order, giving the ambipolar
electric fields as

Ti n’i T’i
E.= —+yi— |+B,U:\. (2.12)
4 ni Ti
0.50 T T 1 T T T
0.25
Y(X) 0
-0.25
050 S NN N NS N B |
0.50 T T T T T
Y(X)
.0.50 RN N N SN TN S
0.50 | R N S T 1
Y(X)
0.50 IS U WU UN DU B |
4 3 2 4 0 1 2 3 4
X

Fig. 5 The transition of U»~X from (a) the L
root to (b) the multiple root state and
finally to (c) the H root as v+ decreases
from 2.3 in (a) to 1.7 (c). The dashed
lines are Y1(X) and the solid lines are
Y2 (X). (cited from Ref.[10])
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It is frequently stated that neoclassical transport is-

intrinsically ambipolar. The argument for this is
based on the flux surface averaged momentum bal-
ance. It leads to the same electric field, given by Eq.
(2.12). This relation is used to eliminate E, from I'%,
yielding an ambipolar loss which is independent of E..
Although the ambipolar condition and the momentum
balance give the same results when neoclassical
transport is the only loss process, they may differ
when another loss mechanism is present. If this other
loss mechanism is not intrinsically ambipolar, then
the ambipolar condition must be applied to the total
particle flux, whereas the momentum balance argu-
ment claims that the neoclassical fluxes are separate-
ly ambipolar. As is discussed in Ref. [37], the mo-
mentum balance argument is valid only when there is
no momentum source other than those of neoclassical
processes. The same process which produces anom-
alous transport usually also produces anomalous mo-
mentum exchange, which should be included in the
surface averaged momentum balance. In the pres-
ence of fluctuations, anomalous momentum loss must
exist. Above discussions of the L-H transition was
used a momentum balance argument. The first veloc-
ity moment of the kinetic equation gives a momentum
equation in which Kkinetic effects such as Landau
damping are included in a generalized pressure
tensor. The two approaches, the arguments about
the momentum balance and the kinetic equation, are
equivalent. Considering Eq. (2.11), the radial ion
loss can be written as

\/_ep,
eBr

= ———(X-X.)exp(-X?),

(2.13)
3

0 | I
2.50 2.25 2.00 175 1.50

Vei

Fig. 6 The Change of U, asV+ decreases.
(cited from Ref. [10])

where X,=e05iE./T; and pi=n;T:. The transition from
the plateau regime to the collisional regime was
studied by Connor and Stringer [38, 39], starting
from the kinetic equation with a BGK collision oper-
ator. Connor and Stringer neglected the velocity de-
pendence of the collision parameter, but this velocity
dependence is not fundamental since a physical un-
derstanding is aimed here. This complete expression
for the ion loss due to the bulk viscosity, given in Ref
[39], which includes the effect of the poloidal electric
field E,, is long. In the following analysis, only the
first term of this lengthy equation is used. The other
terms, which result from E, make a comparable con-
tribution but do not change the asymp-totic behavior
of the ion loss. (The effect of E; was neglected by
Galeev and Sagdeev [36] when deriving Eq. (2.11).)
The radial ion loss due to the bulk viscosity was writ-
ten in a form analogous to Eq. (2.13):

T
= Se’: (X=X)Im Z(X, y)+T7%,  (2.14)
where
0o tz
Z(X,y)= J_f eXp( dt
=exp(—z2)(i\/; —Z‘I‘Zexp(t2 )dt),
’ (2.15)
z=X+1y,
_ ¥Vii _ qR
1)7‘;@ .lm/p ’
_B
B

and Ay is the mean free path defined as vri/Vi. Im Z
(X, y) is tabulated by Fried and Conté[40]. The loss
term I'?%, which is proportional to electron-ion
frequency, is a generalization of Pfirsch-Schiilter radi-
al loss, valid for an arbitrary electric field. It is nu-
merically small in all the applications of present
interest and was neglected. Substituting Eq. (2.8)
and Eq. (2.14) into Eq. (2.9), the argument was
illustrated by Fig.7, which was a modification of Fig.5.
The dashed line shows the current carried out of the
plasma by those trapped ions whose orbits enter
divertor or limiter shadow used in Eq. (2.8) with w
=0.25. The solid line shows the ion current due to
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the bulk viscosity as given by Eq. (2.14), with its sign
changed. The plasma collisionality parameter, gR/
Ampp, decreases from (a) to (b) to (c). The am-
bipolar electric field, defined by T'¥ +T"% =0, was
given by the intersection of the curves. Figure7 (a)
represented an L mode plasma and showed that only
one solution of ambipolar field was possible. In Fig.7
(b) there are three possible solutions for ambipolar
fields, but the middle one is unstable. As the plasma
evolves from condition (a) to condition (b), the elec-
tric field may be expected to continue at lowest
ambipolar value of |E,. When the plasma moves
into condition (c), this intersection disappears near
the boundary and the electric field is forced to jump to
further ambipolar value. This discontinuous jump in
E, is identified with observed sudden appearance of a
strong electric field and a transition to H mode
confinement. The various processes which can cause
bifurcations have been reported.

If one writes the equation, for single charged
ions, in terms of the electric field, one has

" (@)
B
\ﬁ/
1 1. 1 1 - -.N ] 1 | l(b)
— i - —“\jL
_ — ‘ \\\
W
| 1 1 1 L'- " 1 1 i l(c)
——— e ——— iL
7 TN
,,L—’/"/\ \
\
4

Fig. 7 Variation of the ion orbit and bulk vis-
cosity loss currents with X=e0xE/T:.
The variables j* and j¥ represent the
current due to the ion loss cone loss and
the bulk viscosity loss, respectively.
The parameter gR/Anp decreases from
(@) to (c). (cited from Ref. [14])
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=Iror-ri-Tr-Ti=T7+ 10,

(2.16)
where & is the dielectric constant of the vacuum and
€1 is the perpendicular dielectric constant of the
magnetized plasma. The terms in the right hand side
represent the following processes. The first terms in
the right hand side represent the following processes.
The first term, e, is the contribution of the bipolar
part of the anomalous cross field loss, which includes
the Reynolds’ stress term in the global flow. The
second one, I“i-c, is that from the loss cone loss of
ions. The third, I“?v, is the one from the bulk viscos-
ity, i.e.,, due to the inhomogeneity of the magnetic
field. The fourth term, I'7, is the loss of ions due to
the collisions between ions and neutral particles.
Others, '™ and I") are from the contributions of
other collisional processes. These terms have non-
linear dependence on the radial electric field and the
balance between them allows the bifurcation. Combin-
ing the several terms in right hand side, the variety in
bifurcation was predicted as above discussed. In the
framework of zerodimensional -analysis described
above, the effect of the radial derivative of E,, E*,, was
neglected. Actually, the radial derivative of E”, is not
negligibly small because E’, is generated within the
narrow region near the edge, in which the loss cone
loss of ions exists. The characteristic thickness of
the transition layer was predicted to be the width of a
banana. Therefore the effects of E’, on ion orbit and
electron loss can be large than those E, itself.

3. Model for bipolar losses

We first explain the model of bipolar flux driven
by the five mechanisms. For the loss cone loss of
ions, we employ the generalized form in Ref. [11]:

niVii \/;pp;
[V*i+ U})_m4:| —g—

where 0;: is the ion poloidal gyroradius and E; is the
radial electric field. The other parameters are
standard. We set G=1 and w=1, for simplicity.

Assuming E,=— Uy/B, (U, is the poloidal velocity
of plasmas,) the model for the bulk viscosity loss of
ions [11] due to the inhomogeneity of the magnetic
field is rewritten as '

= exp{— [v.,-+U,,,m"]%}, (3.1
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(3.2)
where Up=-¢€0,iT"i/(24T;) (the prime denotes the
radial derivative.). The details about the integrals I,
and I; are shown in Eq.(2.6). Equation (3.2) gives
the values averaged over the magnetic field. The
model of the hot ion losses due to the toroidal rippled
field is intrinsically bipolar and is expressed [41] as

by _
r=

T,
¢BR

F?’ = rpé‘l's [

2 ! E’ T/
ﬂ[ﬁ— 43371,
T,

ny Th
(3.3)

Vin

where C,=12.38, § is the toroidal ripple and the
subscript % represents the hot ion component. Equa-
tion (3.3) also gives the values averaged over the
magnetic surface. The necessary condition for hot
ions to satisfy the condition for ripple diffusion is
given in the collisionless regime [41] as Vvir< (£6)%%
vri/R.

Next we show the model of charge exchange
loss between the ions and neutrals. With toroidal ro-
tation, the collision process with neutral particles at
the main plasma reduces the ion momentum without
transferring it to the electrons. Due to this momen-
tum imbalance, a bipolar loss of ions occur. The loss
of ions due to the collision is employed as (See Ref.
[9, 42])

- minoSov)nTi 1+2¢° (n's  T'i ¢k,
o (eBp )2 (]2 n; @ T; T; ’
(3.4)

where #no is the density of neutral particles, o
indicates the collision cross-section, so that #o{ owv)
stands for the rate of the collision. The symbol ( )
indicates the averaged quantity over the ion distribu-
tion. The numerical constant «@; is close to unity.
The superscript # represents the loss due to the
collision between the ions and the neutral particles.

The model for the anomalous bipolar loss has
been discussed first in Ref. [8] and then by others in
terms of the Reynolds’ stress of turbulence [43]. It
depends on both the electric field and its radial
derivative (see a review [44] for the detailed de-
scription). In order to perform the point model for
the dynamics, we introduce a simplification as E’,=E,

/% and express E’, in terms of E, in Fig.8. The typical
length ¢ is further approximated as constant.

We have compared this zero-dimensional model
to the accurate solution which was obtained by solv-.
ing the spatial-temporal evolution, and found that the
essential characters of the dynamics of dithering
ELM are properly kept in this simplified model [45].
Based on this result, we here employ this constant-
approximation in this analysis, and employ a simpli-
fied expression for the anomalous bipolar loss Ref. [8,
46] as

n'. T'. ¢E,

[ =—Din,| —+a

+ 3.5
e T, T.) (3.5)

where D is the bipolar part of electron effective
diffusivity without considering E’, explicitly and « is
the coefficient of O(1). The expression of Eq. (3.5)
is a simplified model formula of the turbulent-driven
contribution.

The radial fluxes of the electrons and ions near
the plasma edge are studied in the presence of the
electric field and electric field shear. The ion particle
flux from the edge layer was calculated in Ref. [20] in
the presence of the radial electric field shear. Con-
sidering the electric field shear, the banana width can
be compressed [32] by the factor 1/v/[1—u,| +Ce
[20], where uz=05:E"/ (vriBs), 05i is the ion poloidal
gyroradius and the prime denotes the derivative with
respect to the radial direction. The electric field
shear squeezes (expands) the banana width. In the
limit of #;— 1, the banana width reaches a maximum
value. The numerical coefficient C denotes this cor-
rections. By taking into account the #, corrections,
the ion loss has been given in the form as
NiVii Ppi [ epn E, ]2]

-7

F
exp
Ve [1—u,| +Ce

le
=

(3.6)

Fig. 8 The assumed radial electric field struc-
ture near the edge, by way of illustra-
tion. The radial extent of the transport
barrier is expressed by £ and we assume
2 to be constant.
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where #; is the ion density, Vi is the ion-ion collision
frequency, 7: is the ion temperature and F is a
numerical coefficient of the order of the unity. The
superscript Ic stands for the loss cone loss.

The electric field shear affects the microscopic
stability and the anomalous flux. This has been stud-
ied and shown for the fluid turbulence of the edge
plasma in the literature (see, e.g., [11, 16, 17, 18, 19,
20, 47, 48, 49]). For simplicity, we examine the
collisionless limit of the drift instability of trapped
particles. We employ the expression of the bipolar
part of effective diffusivity D? in the presence of E7,
given in Ref. [20] as

Dlellezo 1_+_ & , (3.7)
U Uc

where DY is the difference in the bipolar parts of
electron effective diffusivity and ion effective diffu-
sivity due to this mode in the absence of E”.. The
factor v/1+ug/u. comes from the change of the banana
orbit width owing to the change of toroidal precession
frequency of trapped ions. The mode is stabilized if
E’, is negative and the condition ug<u. is satisfied.
The critical parameter u. satisfies the relation uZ=
8v2¢& (4—u.) and is around 3 for the standard pa-
rameters. Based on this result in addition to the
constant-{ approximation, the bipolar component of
the fluxes near the edge is modeled as
. T. * MT.

I‘;‘ﬁ'}'”=—Di?0\/ 1+ %,
U,
(3.8)

In Eq. (3.8), M is the poloidal mode number and @ is
the angular frequency of the mode. In the presence of
E,, o is the Doppler shifted by wr as @ =w + wz,
where wg=ME,/(rB). The superscript anom repre-
sents the anomalous loss and the coefficient « is the
order of the unity.

n’e+ T'. eBrao
Qa

4. Change in the H-mode dynamics due to
ripple loss of fast ions.
4.1 Introduction
The regime where the L/H transition can occur
was studied extensively. Investigation about the cri-
terion of the L/H transition is not complete, but it is
evident that the L/H transition can be more easily
obtained above a certain density [22]. The H-mode

in JT-60U with the neutral beam injection [50]
showed a peculiar behavior. The L-to-H transition
became rather unclear and the improvement of con-
finement became soft and continuous with power,
which was observed in a low density plasma: #.=
(2—3) X10¥(m®). On the other hand, the ELMy-H
-mode appears in the high density regime. The
ELMy-H-mode implies the hard typed L/H transition
which has the hysteresis characteristics. We theoret-
ically investigated this discharge and examined the
ambipolar condition in detail. If v+ <<1 holds (in
large sized machine like JT-60U), the L-H transition
without the hysteresis characteristics, namely soft
transition, is predicted in the case T;=5 (keV) and the
low density [51]. In this situation the transition from
the low confinement branch to the high one occurs by
following the smooth change of the flux. Furthermore,
our theory predicted the higher density makes the L
/H transition harder. This prediction agrees with the
experimental results. This transition theory may be
a candidate to explain the unclear L/H transition and
ELMy-H-mode in JT-60U. However, this previous
analysis seems to be incomplete, since the ripple in
JT-60U is large. Therefore, we need to study the
behavior and loss processes of hot ions produced by
neutral beam injection with a rippled toroidal field.
Here we extend the bifurcation model to include the
effects of the hot ion loss and examine the
characteristics of the L/H transition in the typical
parameters of JT-60U. The three bipolar losses are
examined for the electric field and its shear. The
contents of this chapter are reported in Ref. [52].

4.2 Ambipolar condition including ri, 7

anom

and Fe-i
The ambipolar condition in consideration with

I'f (Eq.3.1)), I'7(Eq.(3.3)) and T (Eq.(3.5))
is 1“?+ I‘:p= 7. This condition heads to

Vi 1 C’pé'l.s T, 2
—lexp{— [v-+X*]7 )+ [——]
[veit X*]% Vew, \¢BR

1/7.—1 T; ~
S/’—Z)[Mr —X]=d(/l—X)/r,,( =7),
Vinpi T,

(4.1)
where d=D20/ («/:C, LO(;O%,’) , )\.=—0pin'e/ne, /1h=—0pin'h/
nn, and va=wnio/mi (mi=my+nn). Here we assume Ti=
T.(=T), ni=n.(=n) and T'=0 for the analytic
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insight. We set U,»=X for simplicity. We assume
that the scale lengths of the density gradient of
electrons and hot ions are equal, i.e., A=A, The
parameters used in the following calculations are
similar to the JT-60U tokamak : major radius R=3.03
(m), minor radius ¢=0.95 (m), toroidal magnetic field
Bi=3.7(T), safety factor ¢=3, D%=0.4(m%s) and 0
=1(%).

4.3 Characteristics modification of L/H
transition due to hot ions

First the temperature T;=5(keV) and density »
=2.0 X 10°(m®) are kept fixed. We investigate two
cases of 7. (=nio/ni) =1.0 (i.e., no hot ions) and 7,=
0.98 (the ripple loss exists) to examine the effects of
the ripple loss on the L/H transition. In the case 7.
=0.98, we set T»=50.0 or 75.0 (keV). Figure 9
shows the normalized particle flux [ v.s. the
thermodynamic force A as the solutions of Eq. (4.1).
In this parameter regime, the ripple loss of hot ion is
much smaller than other two losses at the neighbor-
hood of the L/H transition. The ripple loss of hot ions
makes the L/H transition softer than the case with
only Fﬁc and T"."". Moreover the jump of the flux at
the L/H transition is predicted to be smaller
(shallower transition) when the ripple loss of hot ions
exists. When A becomes large, the ripple loss is
dominant compared to the loss cone loss of ions.
Especially, the ripple loss is considerably large in the
case Tw=75.0(keV) since I'7 oc T, (I'7 is the
second term in the left hand in Eq. (4.1)). Next we

No hot ions
- —- Th=50.0(ke10
008 ———————— - T,=75.0(ke¥)
I
0.06 4
0.04 -
0.02 —
0.00
0.0 1.0 A 20

Fig. 9 The Change in the L/H transition due to
the ripple loss of the hot ions. The
ripple loss makes the transition softer.

fix the temperature of the bulk ions as 7i=5 (keV) and
set 7,=0.98 and 7,=50.0 (keV). Figure 10 shows the
variation of the normalized particle flux I’ in Eq.
(4.1) as the function of the thermodynamic force A
for the various values of the density. Also in this case
the L/H transition becomes shallower due to the
effect of the ripple loss. The hysteresis characteristic
is obtained, especially in the case of the high density:
n=>5.0X10"(m2). This type of the transition (hard
transition) theory predicts the existence of a kind of
ELMs (the self-generated oscillation) at the neigh-
borhood of the L/H transition. This prediction agrees
with the experimental results in the high density
regime [50]. The softer transition is obtained in the
case of a low density: #=2.0X10" (™) than in the
case of the high density. This transition from the
branch of the large flux (corresponding to L-mode) to
that of the low flux (corresponding to H-mode) oc-
curs gradually in the T"— X plane. This situation of
the transition may correspond to the fact that the
gradual improvement of the confinement continues
with the injection of neutral beam. For the low
density case, the jump of the flux in the L/H transition
is found to become small and is a half of the case in
the high density regime.

5. Double hysteresis in L/H transition and
compound dithers
5.1 Introduction
The bifurcation theory of the radial electric field
was presented for the L/H transition [8, 9]. This

0.10
r L — p=2.0*10"(m?)
T ~ T n=3.0410"(m?)
e R T -
o TN n=4.0¥10" (m )
i "7 n=5.0%10" (m?)
0.05 o .

0.00 '
0.0 1.0 A 20

Fig. 10 The variation of the L/H transition for the
various values of the density. For the

low density, the soft typed transition is
predicted. On the other hand, the hard
transition is predicted in the high density.
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model predicts the self-generated oscillation near the
threshold condition for the transition [27], which was
attributed to the model of dithering ELMs. Experi-
mental study confirmed that this theoretical picture
explains characteristic features of the dithering ELMs
(29]. The bifurcation model was extended and many
mechanisms have been proposed as an element to
generate the radial electric field [43]. Among them
the mechanism by the collisional bulk ion viscosity
[11] was also considered to be important in experi-
mental conditions (see, e.g., Ref. [14]). We have
compared the impacts from the mechanisms of the
bipolar losses, i.e., the loss cone loss, collisional bulk
viscosity loss of ions and the anomalous loss, and
found that these three could have comparable contri-
butions for the parameters of v+>0.1 [51]. It is nec-
essary to investigate what kind of dynamics is gener-
ated from the competition of these three important
mechanisms. This would give a key to understand
the complex features of ELMs in experiments, for
which the understanding and control are urgent tasks.
In this chapter, three mechanisms for the electric
field and the electric field shear generation are simul-
taneously examined. It is found that, if v+ is of the
order of unity, there exists the five-fold multiple
states in the gradient-flux relation. Dynamics near
the transition condition is analyzed by use of the
point model in which the gradient length of radial
electric field is treated as constant. The new com-
pound limit cycle oscillation is predicted to occur. The
contents of this chapter are reported in Ref. [53].

5.2 Double hysteresis in L/H transition
The ambipolar condition including 1“?, 1“?”, re
is given by T+ "¢+ Tet". Using the models of the
bipolar losses, Egs. (3.1), (3.2) and (3.5), this con-
dition lead to
exp {— (vt U,,,,,,“]%}+ %

V=i

(vt Upt]s

(L(U,m—A/2)+0.21)=d(31/2— U, )(=T).
(5.1)

For simplicity, we set #.=n;(=n), T.=T:;(=T) and
UsoB/ (wriBy) =0.2. The parameters used in the
following calculations are similar to those of JFT-2M
tokamak: R=1.3(m), a=0.350(n), toroidal magnetic
field B=1.3(7T) and safety factor g=3. We fix the

density #=1.0X10" () and the effective frequency
v+=2. We investigate the competition between the
three terms in Eq. (5.1) and obtain the bifurcation
curve for various values of d. Figure 11 shows the
dependence of the normalized particle flux on the
thermodynamical force (gradient parameter) A for d
=0.05(D%=0.05(m%s)) (Fig.11(a)) and for d=0.1
(D%=0.1m%s)) (Fig.11(b)). The multiple bifurca-
tion is demonstrated in the former case. In both
cases, the hysteresis D—D"—E—E’—D appears, as
has been found in Refs. [8, 9] where the second term
in Eq. (5.1) has been neglected. If the anomalous
loss is small, then the contribution of the second term
increases, so that the new hysteresis (B—B'—C
—C’—B) is generated combined with the other
hysteresis. The double hysteresis appears. As was
the fundamental cusp, this bifurcation has the nature
of the cusp-type catastrophe; it disappears if d is
enhanced and the second term in Eq. (5.1) becomes
loss important (Fig.11(b)). The L-mode corresponds
to the branch of the large loss flux and the H-mode is
the branch of the reduced loss flux. For an adequate

7
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Fig. 11 The solutions of Eq.(5.1) in["— A plane
in the case of (a) d=0.05(D%=0.05)
and (b) d=0.1(D%=0.1).
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influx exists, the transition from L-mode to H-mode
takes place as A~>E"—B’"—C—C’—D—D’ and from
H-mode to L-mode occurs at F»D"—E—E’. How-
ever, in the case of the other value of the influx (T
~0(.2), the transition occurs as A—E—B —C—C’
—B—B’. Temporal evolutions of the particle flux are
discussed in the next section in two cases of influxes.

5.3 Time evolution and compound dithers
We investigate the dynamics of the H/L transi-
tion by choosing two dynamical variables, i.e., the
pressure gradient parameter A and the effective loss
rate D. The plasma gradient changes in times as
ar
PP =S—-DJ1, (5.2)
where S is the particle source and is kept constant in
time. Equation (5.2) is deduced from the density
continuity equation. The evolution equation for the
loss rate D, The ratio of the dynamical flux to the
gradient, is employed as

aD -
v =D(A)-D (5.3)

which indicates the temporal evolution of the radial
electric field. Equation (5.3) corresponds to the
normalized form of the equation of the poloidal
motion. The nonlinear relation between the flux and
gradient in the stationary state is expressed as D ()
=T/A and is given as in Fig.11(a). The variable ¢
is normalized by 03/D%. The coefficient v in Ep.
(5.3) is approximated as v= (1+v3/c?) B}/B* ~ BYB?
where va is the alfvén velocity [43]. Therefore we
take v as a smallness parameter. The smallness
parameter v shows that Eq. (5.3) has a faster time
scale than that of Eq. (5.2). Equation (5.3) is a sort
of the time-dependent Ginzburg-Landau equation.
This set of equations is used to study the dynamics
associated with L/H transitions and spontaneous
oscillaion, i.e., ELMs, in the zero-dimensional model.
Nonlinear oscillation solution for A is obtained. The
behavior of the particle outflux depends on the values
of the source them S. The transition like A—~E’—B’
—C—C’—B—B’ occurs in the condition of D (B) A
(B)<S<D (C) A (C). The variables D (4) and A
(A) represent the value of D and A at the point
denoted by the argument A4 in Fig.11 (a), respectively.

Figure 12 illustrates a typical example of the
evolution for A and loss flux I (=D A) for the pa-
rameters of S=0.16 and v=0.01. Pulsative (periodic)
solution for I is obtained. This result corresponds to
dithering ELMs. On the other hand, the condition
that the transition like A—E’— B"—C—C"—D—D"’
—E—E’ takes place is D (E) X (E)<S<D (E") A
(E). Figure 13 shows the time evolution for A and
loss flux I for the parameter of S=0.05 and »=0.01.
Similar to the result in Fig.12, the periodic solution is
obtained, however, the two different kinds of bursts
are found to be put together. A new type of dithering
ELMs is predicted theoretically and we- name it
‘compound dithers’.

5.4 Condition of the L/H transition which
includes the double hysteresis
The condition of the L/H transition including the
loss cone loss of ions and the anomalous loss is given
as
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Fig. 12 Typical evolutions of (a) Aand (b) .
Parameters are as follows: d=0.05 and S
=0.16. Self-generated oscillation like
Fig.12 (b) corresponds to the dithering
ELMs.




Reports of Research Institute for Applied Mechanics Vol.44, No.116 pp.55-85 October 1998 69

Vi rexp{= v}

d= 1 : (5.4)

in terms of the effective collisionality v+ and the
gradient parameter A. Similarly, the L/H transition
condition when considered the bulk viscosity loss of
ions in addition to the above bipolar losses is obtained
as

Z(x/v_ rexp{— Vv }+I‘?”(0ﬁ,m=0,l))

31

d= .
(5.5)
The critical A where the L/H transition appears is
given as the function of vs=. The results are shown in
Fig.14(a) (b) according to Egs. (5.4) and (5.5), re-
spectively. The contour lines where the L/H transi-
tion occurs are given in A — Vs plane for the various
values of d. We can see that the critical A value
becomes higher when the parameter d is small (e.g.,
d=0.05) in the case of including the bulk viscosity
loss I'{' (Fig.14(b)) than in the case of neglecting it

6 T T T
A (2)
4._
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0 5 10 15 t 20
1—- 1 1 T (b)
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Fig. 13 Temporal traces for (a) Aand (b) I". Pa-
rameters are d=0.05 and $=0.05. Two
hysteresis characteristics due to the
bulk viscosity make the oscillation dif-
ferent from Fig.12. Two kinds of bursts
are put together.

(Fig.14(a)). However, in the large d region (e.g, d
=0.200), the outstanding difference of the critical A
value can not seen comparing the both cases. In Fig.
14, the double hysteresis characteristics are indicated
in the shaded parameter region.

6. Theoretical model of H-mode transition
triggered by condensed neutrals near X-
point

6.1 Introduction

The role of neutrals in L/H transition theory was
discussed and it was predicted that H-mode confine-
ment might be corrupt [9, 42]. The transfer of the
momentum via collisions from transit ions to neutrals
modifies E,. It has been observed in experiments that
a large neutral density prevents the H-mode transi-
tion [1]. Contrary to this conventional knowledge,
however, it is observed that the H-ode is triggered by
the neutrals injected by gas-puff near the X-point in

@
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Fig. 14 Contour lines in A — v+ plane as the L/H
transitions. The case including the bulk
viscosity loss corresponds to (b) and the
case considering only the loss cone loss
and the anomalous loss corresponds to (a).
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JFT-2M [54].

In this chapter, we analyze the impact of neutral
particles near X-point on the L/H transition, in order
to address this experimental result [54]. As reviewed
in Refs. [43, 44], theories on the H-mode phenomena
have been developed from two aspects; ‘e,
explanations of the L/H transition, and of the
reduction of the anomalous transport. Here, the study
is focused to the transition physics. The sudden
change of the electric field, which is predicted to ap-
pear due to the neutrals near the X-point, is consid-
ered to cause the reduced transport as has been
discussed in several theories [43, 44]. The model
theory for the L/H transition is extended in the
following. Four mechanisms for the electric field and
electric field shear generation are simultaneously
examined. The effects of the neutral density at the
main plasma are included in the ambipolar condition
as the ion loss via the collisions. The solutions of the
loss flux are obtained as the function of the radial
electric field and the plasma gradient. This solution
has the hysteresis characteristic. The characteristic
of the transition is examined to study the roles of
neutral particles both at the main plasma and near X
-point. It is found that the neutrals near the X-point
cause the additional ion loss, and that this loss can

trigger the L/H transition. The consistency between
the prediction of the model theory and the experi-
mental results is also discussed. .

The constitution of this chapter is as follows. In
Section 6.2, the stationary condition at the main
plasma, which corresponds to the ambipolar condition
is derived. For the typical parameter regime of JFT
-2M, the loss rate is solved as the solutions of the
ambipolar conditions. In Section 6.3, analysis on the
H-mode transition condition is made. The contents of
this chapter are reported in Ref. [55].

6.2 Stationary state
The equation in terms of the radial electric field
is written as (e.€0/e)IE,/dt=T¢7'—Ti—Ti'=Ti=+
(other losses), where & is the dielectric constant of
the vacuum and &1 is the perpendicular dielectric
coefficient. This corresponds to the equation of the

ion poloidal momentum.
We examine the ambipolar (stationary) condi-

tion at main plasma in tokamak. We consider the

charge neutrality on the magnetic surface in the
transport barrier. The ion loss cone loss is caused by
the ion-ion collision near the main plasma or by the
collision of ions with neutral particles in the X-point
region. Therefore, the loss cone loss, I‘f-c, 18 the sum
of the loss cone loss in both regions. The ion loss
cone loss is given in the general form as
Pi‘=wexp{— [v.+x1% ). (6.1
[vo+X]7
The effective detrapping frequency vy is defined as
Vesr= Vii+ VirX, where Vi is the ion-ion collision
frequency and Vi is the collision frequency of trap-
ped ions with the neutral particles near the X-point. It
is assumed that the collision between ions and neutral
particles near the X-point does not affect the banana
orbit of ions. In addition to Ff’c, the loss due to the
collisions between transit ions and neutrals (I';), the
loss due to the bulk viscosity (T') and the bipolar
component of the anomalous loss(I' v ) are taken
into account.

We consider the thin region enclosed by two
magnetic surfaces inside the separatrix, where the
transport barrier is to be formed. (see Fig.15) The
ion orbit may deviate from this tube, however, we
assume the loss cone loss from this region. An
additional loss cone loss due to neutral-ion collision
near the X-point is contributed from banana ions
passing through this shaded region. We assume that
the electric field is uniform along the magnetic
surface and that the electric field at the main plasma
and near the X-point take the same value. In other
word, the same value of the electric field is used as
the averaged value over the shaded portion. Imposing
the stationary condition at main plasma near the
midplane, ie, Ti+ i +T/=T¢7 and using the
models of the bipolar losses, we obtain the equation
to determine the relation between the flux and the
plasma gradient as
——————exp {— [v.i+X“]f} + ﬁ
(vt X']7T 4

'V'i+€

(I,-X+0.21)+d, (L +X)=d(A-X)(=T), 62)

where d,=n""<ov>(1+2¢%)/(Jewsg®) and n" is
the neutral density at the midplane. A parameter &
represents the effect of the neutral density near X-
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point, which is defined as &=V ws. The parameter
d stands for the ratio of the mobility of electrons to
ions. The thermodynamic forces: Ai=— 0y (ni/ni+
T /T, A=—0pn'/n+ aT/T;), where the
density and the temperature of ions are estimated at
the main plasma. Equation (6.2) is derived with the
assumptions: #ni=#n.(=n), Ti=T.(=T)and Un=X.
The parameters used in the following calculations are
similar to those of JFT-2M tokamak as shown in
Section 5.2. We fix d=0.72 and v+=2.0. In this
parameter regime of JFT-2M tokamak, the values of
the density and the temperature in the shaded portion
in Fig.15 are estimated as about #=1.0 X 10* (m™>)
and T=100(eV), respectively. For simplicity, we set
A=2A; and UpB/(riB,) =0.2. The neutral density
78" at the main plasma is evaluated as #§*”=5.0X
107+, T¥ (m™®), (Thoo in unit of 100 (eV)) when the
neutral-ion collision at the main plasma is considered
to induce the charge-exchange. If the collision be-
tween banana ions and neutral particles near the X-
point is also assumed to induce the charge-exchange,
the neutral density #% can be evaluated as #§=1.5X
10" & - Ti%(m™), where »f is the neutral density
near the X-point. The ratio #8/x§°" is estimated as 3.0

Fig. 15 The thin magnetic surface tube inside the
separatrix, where the transport barrier is
formed. The parameters #§*" and n§ rep-
resent the neutral density at the main
plasma and near the X-point, respectively.

- £/d, for the set of parameters used here.

We investigate the cases of the various values of
dy for the fixed value of £=0.5, in order to examine
the effects of the neutral at the main plasma on the L
/H transition. Figure 16 shows the solutions of Eq.
(6.2). The variations of the normalized radial electric
field X (a) and the normalized particle flux I" (b) as
the functions of the normalized gradient parameter
A are plotted. In the present parameter regime, the
loss due to the collisions between transit ions and
neutral particles makes the L/H transition softer than
the case only with the loss cone loss of ions and the
anomalous loss. Furthermore, the jump of the flux at
the L/H transition is smaller (shallower transition)
when the loss due to the collisions between transit
ions and neutrals exists. As seen from Fig.16, the
jump at the L/H transition decreases and finally
disappears as d» increases. This prediction is qualita-
tively in agreement with the experimental results
that the neutrals at the main plasma prevent the H-
mode transition [1]. In this parameter region, the
jump of the radial electric field X at the L/H transition
is predicted to occur from the negative E’, to the
positive E”». When A becomes large, the loss due to
the collisions between transit ions and neutral
particles is dominant compared to the loss cone loss
of ions. In this case, T{:TMTi=10:1: 50 for A
=2 and d.=0.5. Especially, the loss due to the
collisions between transit ions and neutral particles is
considerably large in the case d.=0.5 since I/ is
proportional to the value of the neutral density at the
main plasma. (I is the third term in the left hand in
Eq. (6.2).) The value d,=0.5 corresponds to the case
of n§m=25X10? for n=1.0X10'Gm®) in the
standard parameter region.

In order to investigate the effect of the neutral
particles near the X-point on the L/H transition, we
next examine the cases for the various values of &
for the fixed value of d,=0.4. The case £=1.0
corresponds to #§=1.5X10"® () and #§/n=0.15. In
the case of £=2.0 and d.=0.4, the ratio n/n§"=
1.5 10. Figure 17 shows X (a) and " (b) v.s. A as
the solutions of Eq. (6.2) where the value of £ is var-
ied. Similar to the results in Fig.16 (a), it is pre-
dicted that the jump of the radial electric field X at L
/H transition occurs from the negative £’ to positive
E’,. It is demonstrated that the large flux jump at the
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L/H transition is obtained, especially in the case of
the higher density of neutrals near the X-point: £=
2.0. It should be essential that neutrals are localized
in the region of X-point and divertor plate and that the
neutrals in the core are suppressed. This prediction
agrees with the experimental results in the higher
density regime of neutrals near the X-point. The
softer transition is obtained in the case of lower
neutral density: £=1.0. This change from the L-
mode branch of the large flux to the H-mode branch of
the low flux occurs gradually in I'— A plane. This
variation may be seen as the gradual improvement of
the confinement with heating. Note that the confine-
ment quality of the obtained H-mode is shown to be
low. The presence of the neutrals near the X-point

——d =0.1
— -d =02
~ = -d=05

4.0 T

0.0 L L

0.0 1.0 2.0 A 3.0

Fig. 16 Solutions for (a) the radial electric field
and (b) the normalized particle flux as the
functions of A . (for the case of d=0.72, v+
=2 and & (=Vvi/ws) =0.5) The change in
the L/H transition due to the neutral
particles at the main plasma is shown.

does not affect the H-mode confinement and makes
the L-mode confinement worse in this model. These
are seen in Fig.17 since the flux I increases in the
region 0.0< A <2.5 and does not change in the region
A > 25. In the case of £=1.0, the jump of the flux
in the L/H transition is found to be small and is about a
half of the case with £=2.0. If £ becomes smaller,
I" becomes a monotonically increasing function of the
gradient A. The hard transition associated with the
multiple solutions disappears. This implies that the
lower limit of the neutral density near the X-point ex-
ists to realize the L/H transition. When the neutral
particles near the X-point do not exist, i.e., for the
case of £=0.0, the L/H transition does not occur this
case.

The critical neutral density near the X-point
alters if the values of v+ and dn are changed. We
here show their dependences in the following. For
simplicity, we neglect the contribution of the bulk
viscosity loss. It is found that a multiple solution
exists if £ is above the value &

Nl
—+ Vv
2

3

bl
—+ Vv —+ Vv
2

(d+d,)

1 3
—+ *
D) v ] exp

2
4

If £ becomes small and the condition

l‘/v—]

2

(6.3)

d,

1 3
—+ *i
9 v ] €Xp

(=&) (6.4

1 N
2[ 1 + v Vi }
is satisfied, I’ becomes a increasing function of A as
seen in the case of d,=0.5 in Fig.17 (b). In the region
£°< £ < &', a negative slope of I" appears and a soft
transition is predicted. The parameter &£¢ stands for
the lower limit of neutral density near the X-point to
realize the L/H transition. The critical neutral density
&° near the X-point is shown in Fig.18 as the func-
tions of v+ and d». It is obtained that the value of &°
becomes large when the collisionality v+ and the
neutral density at the main plasma d» increase. This
implies that a large neutral density near the X-point
for the H-mode transition is needed when the values
of v« or d, are large. In the case of d.=0.1, the
change of &£° remains to be about 2.0 for 1< v+<5.
However, in the case of d»=0.5, the change of &¢

)
—+ Y VvV
2
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becomes larger and is more than 10.0.

6.3 Condition for the L/H transition
The critical pressure gradient A also alters if the
values of parameters v+ and d are changed. The

condition of L/H transition is estimated as

(V«ﬂ-&)‘&xp{- Ve }/ A ve +T(X=0)
1 .

d_dn=

(6.5)
The critical A where L to H transition occurs is
parametrically surveyed with respect to v+. The
result is shown in Fig.19. The traces of the point
where L/H transition occurs are shown in A— Vs
plane for the various value of d, where £ is fixed to

0.0 L L
0.0 1.0 2.0 A 3.0

Fig. 17 The variation of the L/H transition for the
various values of the neutral density near
X-point.  Solutions for (a) the radial
electric field and (b) the normalized par-
ticle flux as the functions of A are shown.
he parameter d. is set to d,=0.4. The
parameters are same as those in Fig.16.

1.0. We see that, in the smaller d region (d—d.=
0.075, 0.100), the higher the collisionality v~ is, the
higher the critical A value becomes. However, in the
large d region (d—d.=0.125 ~ 0.250), the change in
the critical A becomes small and remains to be order
of AA=0.5 for 1<v+<5. When the value of d
becomes smaller, the transition characteristic be-
comes harder ever in the presence of the neutral
particles [9]. The example is shown in Fig.20, where
the parameters are v+ =2.0, d»=0.1 and £=2.0. In
the case of d=0.2, the hysteresis is obtained. This is
due to the cusp-type nature of the transition. In such
a case, a larger amount of neutral particles at the main
plasma needs to kill the L/H transition.

0.5 T T T

02 k - .
\ §C=1.0 \
01 b —
0.0 i L 1
1.0 2.0 3.0 40 v.; 50

Fig. 18 The contour line of &. on the du-v+i
plane. The parameter &, stands for the
lower limit of the neutral density near
the X-point for the L/H transition. We
set ['"#=0, for simplicity.

A 8.0 T T T

70 I d-d =0.075 B
6.0 -
5.0 d-d =0.100 .
40 F .
30 F—————dd ors— ]
20 Kd d =0.150—————

md 020
1.0

1.0 2.0 3.0 40 V«; 5.0

Fig. 19 The contour line of d as the L/H transi-
tion condition on the A-v+ plane. The
parameter &, is set to £=1.0.
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7. Change of H-mode dynamics due to edge
electric field shear :
7.1 Introduction

In this chapter, the model theory [27] for the
dithering ELMs is extended. The effects of E*, are
included in the models of the bipolar losses. Using
the extended model for the dithering ELMs as the
cyclic oscillation between L- and H-phases, the char-
acteristic of the self-generated oscillation is studied
further. Assuming the ambipolar condition, the
solution of the loss flux is obtained as the functions of
the radial electric field, the radial electric field shear
and the plasma thermodynamic force. This solution
has the hysteresis characteristics. Introducing an
approximate relation between the electric field and
electric field shear, three variables are contracted into
two. Using the loss flux so-defined, the local
transport model is shown. The existence of a limit
cycle solution is confirmed in the presence of the
radial electric field shear as well as of the radial
electric field. The region for the occurrence of the
self-generated oscillation, considering the effects of
electric field shear, is also obtained in the parameter
range of d (the relative electron loss rate to the loss
cone loss rate). The radial electric field shear is
found to affect this range.

The constitution of this chapter is as follows. In
Section 7.2, the stationary condition, which corre-
sponds to the ambipolar condition, using the models
of bipolar losses, is derived. In Section 7.3, coupled

1.5
r

1.0

0.5

0.0 ' L
0.0 2.0 4.0 A 6.0
Fig. 20 The change of the characteristic of the L
/H transition due to the parameter d is
shown. As the parameter d becomes
small, the hysteresis appears. The oth-
er parameters are d,=0.1, £=2.0, and
S vx=2.0.

dynamic equations for the plasma gradient and the
loss rate are solved. In Section 7.4, the condition for
the self-generated oscillation is presented. The con-
tents of this chapter are reported in Ref. [56].

7.2 Stationary condition

The equation in terms of the radial electric field
is written as (e0£10E/D/e=T cf'— T} + (other
losses). This corresponds to the equation of the ion
poloidal momentum. Imposing the stationary
condition, i.e., Ii= I, we have the equation to
determine the relation between the ambipolar electric
field and its shear for given A, as

1t _ exp(—X?)

Ue 4 |1—u,|+Ce ’
using Egs. (3.6) and (3.8). Here, A,=—0s (n"o/n.+
aT /T.+eBrw/(MTe)) =2—0i (eBr w/(MTe) ) and
do=D% Je /(Fvi0%). For simplicity, we set ni=n.
(=#n) and T;=T.(= T) in deriving Eq. (7.1).

The solution (X, %) exists for various values of
the thermodynamic force A,. The variable X relates
ug with A, through the force balance. The radial force
balance equation requires

v

Er= _uth“‘uth, (72)
en;

do(l—X) (7.1)

where # denotes the plasma fluid velocity, p: is the
pressure of ions and the subscripts p and ¢ stand for
poloidal and toroidal components, respectively. Fur-
thermore, the poloidal bulk viscosity leads the
relation uy/uzi o €0, VTi/(qTi) [57]. This relation
gives X=—A; — ui/vri, where Ai=0pn'i/mi+a:T"i/
T:) and «@; is a numerical coefficient of the order of
the unity. As the toroidal flow in the scrape-off layer
is damped due to the parallel loss along the field line,
u: is much smaller than vr near the edge [58]. Next
we use simple assumptions: w =0and A = A;. So we
obtain the relation X=— A. Substituting X=— A into
Eq.(7.1), we obtain the equation for the stationary
solutions,

Uy exp(—1?) -
2do.l 1+—‘=—“—(EF(M3,A)),
U 4 |1—u,|+Ce '
(7.3)

in terms of #, and A, where the symbol denotes the
stationary variable. Having solved Eq. (7.3), the
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hysteresis curves of u;, D (=T/X) and the particle
flux have been obtained as functions of the gradient
parameter A [20]. Figure 21 shows a typical station-
ary solution of Eq. (7.3) in terms of D as the function
.of ugand A, where the constant-{ approximation, i.e.,
E’=E,/), is employed. Parameters are chosen as do
=0.5, C=2.0 and £=0.3, where %.=2.76. The trajec-
tory of the solution clearly shows the nature of the
cusp-type catastrophe. The projection of the curve of
D (ug, A) onto D— X plane is shown in Fig.22. When
we consider the case of #,— 0, with the constraint of
E, #0 (i.e., 0 —00), we recover the original hysteresis
model proposed in Ref. [8]. We see that the shape of
the curve in Fig.22 changes depending upon a
constraint for the relation between E’, and E.
However, the generic nature of the cusp is not
altered. The relation to the shape of the burst will be
discussed later.

7.3 Temporal evolution and self-generated
oscillation

In this section, we investigate the dynamics of
the H/L transition and obtain the self-generated
oscillation near the transition boundary. Similar to
Section 5.3, we choose two dynamical variables, i.e.,
the gradient parameter A and the dynamic loss late D
which is considered to be the function of E, and E*.
The plasma gradient, A, changes in time as

1 0%

Fig. 21 The solutions of Eq. (7.3) in the D (A,
ug) space are sketched. The bird-eye
view of the hysteresis curve for the
diffusion coefficient D v.s. A and u, is
shown. The constant-{ approximation is
employed to deduce it. The parameters
are do=0.5, C=2.0, u.=2.76 and €=0.3.

EY)
T (7.4)

where S is the particle source and is kept constant in
time. Equation (7.4). is deduced from the continuity
equation of the density. The equation for the dynamic
loss late D, the ratio of the dynamical flux to the
gradient is given by,

oD -

i (1)-D, (7.5)

which is deduced from the equation of the ion poloidal
momentum which describes the temporal evolution of
the radial electric field. This set of Eqs. (7.4) and
(7.5) corresponds to an extended version of the
previous analysis [27, 28]. The effect of the radial
electric shear are added to Eq. (7.5). The variable t
is also normalized by p%/D%. The parameter v
indicates a small parameter O (B¥B?). The nonlinear
relation between the loss rate and the gradient in the
stationary state is shown in Fig.22. Using the 0-D
transport equations, i.e., Egs. (7.4) and (7.5), we
confirm the existence of a self-generated oscillation
with the E’, contribution. We examine the time evo-
lution of the particle outflux I" at the plasma edge
near the transition boundary of the L and H phases. In
Fig.23, the typical temporal evolution of A and I" are
shown. Under the constant supply of the particle flux
i, T'in=S for fixed do, we obtain the self generated
oscillations of A and I". The large amplitude oscilla-
tion of I" corresponds to He burst and the oscillation
of A with a small amplitude is seen. The parameters
are S=0.62 and v=0.01. The self-generated oscilla-

1§ T T T
D
D
1.0 b .
Dy
03T \—
0.0 | ] 1
0.4 05 M 06 Mo07 M 08

Fig. 22 The projection of the solution D (2, up)
in Fig.21 onto D—A plane.
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tion which explains the dithering ELMs was predicted
in the presence of only E, [27]. The outflux " which
is obtained here oscillates between L and H mode in
the space of I" (ug, A). The same characteristic is
found to remain with an inclusion of E’,. The period
of the self-generated oscillation in this case is pre-
dicted to be about 1.0 (msec) for the parameters of Dl
=0.5(m¥s), T;=100(eV), the toroidal magnetic field
Bi=13(T) and ¢=3. This value is almost the same
extent as the period in the experiment [21]. Note
that the form of the bursts shown in Fig.23 is strongly
affected by the nature of the cusp structure, for
example, the ridge points and the shape near the
ridge points of the curve in Fig.22. The cusp
structure changes depending on the value of do
(including #;, T; and D). The values of the plasma
gradient parameter A and the loss rate D at the tran-
sition points will be analyzed in the next section. The
shape of the burst is also affected by the influx 'y, in
other words, the source term S. The variety of evo-
lutions of I" other than that shown in Fig.23 is
predicted.

0.5 7

0.0 | 1 |
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r / (b)
0.7

0.6

0.5

- 04 -
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Fig. 23 Temporal evolutions of the plasma gra-
dient A (a) and the outfluxI" (b) at the
edge. Parameters are $=0.62, v=0.01
and do=0.5. The self-generated oscilla-
tion is also confirmed in the presence of
E’,, similar to when considering only E,.

7.4 Condition for self-generated oscillaion

Let us examine the condition for the occurrence
of the self-generated oscillation obtained in Section
7.3. The D— A curve which is shown in Fig.22 gov-
erns the characteristics of oscillations. At the ridge
points of (A1, D1), the H— L transition occurs and
(As, D») is the point at which the L — H transition
occurs. When the electric field shear is not taken into
account, the values of A1, Az, D: and D: were esti-
mated and given in Ref. [27]. In order to extend the
results in Ref. [27], the values of the ridge points are
estimated, analyzing the solution of Eq. (7.3). We
have the approximate relations with inclusion of the
electric field shear as,

2e
A= In—— (7.6)
do v 1+Cs
M ——— 7.7)
o Ce(140) '
DFL’
21112—6
doV/1+Ce (7.8)
1
Dy=doV 1+ |1- 5(1+C)C8d§ , (7.9)
where
- (7.10)
U,

denotes the effect of E*, on (A1, Az, D1, D2).

The stability analysis of the nonlinear curve, Eq.
(7.3), gives the characteristics of the solution. If D;
A1>D; Az, the three solutions are stable. If D1 A1<D;
Az holds, the solution in the middle becomes unsta-
ble. The condition for the occurrence of the self-
generated oscillation on D— A plane is given by

DIA'1<D2A'2, (7.11)

Furthermore, for the appropriate value of influx I,
the self-generated oscillation between L- and H-
modes occurs. For example, the value of I'i (=S for
the fixed value of do) should satisfy the relation, D:
Ai<Ti<D: As, for its occurrence. For other values
of I"w, we only find the stationary L or H mode.
Which type of the dynamic behavior occurs is
determined by the value of ["i. If D1 A1>D; Az holds,
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any oscillations are not allowed. In such a case, the
hard and direct transition from L-phase to H-phase
(or vice verse) occurs. The detailed analyses but
only in the presence of E, were reported in Ref. [28].

- Substituting Eqgs. (7.6)-(7.9) into an inequality (7.11),
the condition for self-generated oscillation for the
given value of A (X=—A2) is obtained as

vV (14+Ce)+8¢(Ce)(1+)* — vV 1+Ce
8e¢(Ce)(1+C)?

<do<1.

(7.12)
The terms of { in Egs. (7.6)-(7.9) and in an inequal-
ity (7.12) represent the effect of the electric field
shear E',, When we set gi=A1/nz, go= A2/ (ne is
the typical value of A in the L-mode.) and {=0, Egs.
(7.6)-(7.9) recover the results in Ref. [27]. For the
case of {=0, the inequality (7.12) also reduces to
0.37<do<1.0 [27] when the parameters are C=2 and
€ =0.3. For the E,—E’, model, we obtain the diagram
of the occurrence region of the self-generated oscilla-
tion on do— { plane. The result is shown in Fig.24
when the parameters are chosen to be C=2 and &=
0.3. The wider region is predicted for the negative
E’(ug<0) than the positive E’,.

7.5 Chaotic characteristics for the self-
generated oscillation
Near the L/H transition points in the hysteresis
curves shown in Fig.21 and Fig.22, the self-generated
oscillation exists under a certain condition in Section
7.4 or Ref. [27]. Model of the development equation

-1 0 1

2
{(=usu)
Fig. 24 Parameter space on do—{ plane for the

self-generated oscillation in the presence
of E’,(hatched region), where {=ug/u..
The parameters are C=2.0 and £=0.3.

of the thermodynamic force for the 0-D analysis is

given as

ar

W=S—D.l,
where A is the gradient parameter, S is the source
and D is the effective diffusivity. The effective
diffusivity D is the multivalued function of A and is

modeled as
oD 1 A 2 1]
D, ’
(7.14)

9D 1 _1_, [ﬂ 1
Yoo TAD

where (31 and (3. are introduced for the dictation of
the sharpness at the ridge points in the transition
curve. For the simplicity of the argument, in the
following the normalizations are made as A/A.— A,
tD1—t, S/(A D) —S and D/D.—D. The normalizing
value A. and effective diffusivity D. correspond to
those in the typical values of L-mode. Here, Di! is the
characteristic diffusion time in the layer of our
interest in the L-mode, i.e., 03/D%. Equation (7.14)
is rewritten as

(7.13)

3
+ 8.

v 9D =A-1-6(D-1)*+p.(D-1) (7.15)

at
This set of equations is used to study the dynam-
ics associated with L/H transition and spontaneous
oscillation, .e. a self-generated oscillation, not consid-
ering the electric field shear. The model of the
source term S is given as S=So+é&ssin 27 Qt),
where parameters So, & and Q are constant in time.
We first take the case that the external oscillation
frequency is the original frequency, 7.e., Q=1. In this
case, we find the mode locking and period doubling.
Typical time traces are shown in Fig.25. In the case
where the oscillation frequency Q is much smaller
than the intrinsic frequency, intermittent burst of loss
is observed as shown in Fig.26. Some calculations
are reported in Ref. [45].

8. Summary and discussion

In this article, we studied theoretical model of
the H-mode transition in tokamaks based on the
bifurcation of E, and E’, at the edge region. In Chap-
ter 2, we surveyed the experimental results for the L
/H transition and ELMs and reviewed the model
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theories with respect to the L/H transition physics.
Next, in Chapter 3, we listed the models for bipolar
losses, which were used in the latter chapters, in the
presence of the radial electric field and its shear. In
Chapters 4, 5, 6, 7, the model torques in the poloidal
momentum balance were analyzed and the various
types of the L/H transitions were examined. We
introduce a constant-{ approximation in these analy-
sis to study the point model for dynamics.

First of all, in Chapter 4, we extended the
previous bifurcation model with the loss cone loss of
ions and the anomalous loss of electrons to include
the ripple loss of hot ions. Using the extended bifur-
cation model (Eq.(4.1)), we discussed the character-
istics of the L/H transition in the typical parameter
regime of JT-60U with various values of the

0.5

0.0
2.0

r
1.5
1.0

0.5

0.0

r 2.0

1.5

1.0

0.5

0.0 L L L

2 4 6 8 t 10

Fig. 25 Typical time evolution for the mode
locked oscillation. Mode locking to
the-fundamental oscillation (a) and to

the subharmonics (b: 2/3 period and c:

1/3 period). Parameters are &€;=0.25,

Q =1, S,=0.68(a), 0.64(b), 0.505(c).

temperature of hot ions (in Fig.9) and the bulk
density (in Fig.10). The ripple loss of hot ions is
found to make the L/H transition be softer and
shallower. Especially, for the high density, the hard
transition is predicted and does not contradict to the
existence of ELMy-state in experiments. The soft
transition (without the hysteresis characteristic) is
obtained in a low density regime. This soft transition
may explain the under L/H transition observed in JT
-60U. When A becomes large, the ripple loss is
more noticeable than the loss cone loss of ions.

In Chapter 5, the dynamics of the L/H transition
is studied by keeping three independent mechanisms
of the bipolar losses, i.e., the loss cone loss, ion loss
by collisional bulk viscosity and anomalous bipolar
loss. Zero-dimensional model is introduced and the
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1.0 M

- A
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05 | /J

0.0 I ! l f

15 B

1.0 | -

0.5 |

0.0 ] ] 1 1
0 4 8 12 16 t 20
Fig. 26 Example of the time trace in the pres-
ence of low frequency external
oscillation. Intermittency of the
bursts is observed. Parameters are ¢ s
=0.05, Q=1/(27), So=0.71(a), 0.66
(b), 0.625(c).
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bifurcation condition is analyzed. It is found that
there can be a multiple bifurcations and five-fold
multiple states in the gradient-flux relation. The
double hysteresis characteristic is predicted. It is the
case when the effective ion collisionality is of the
order unity and these three terms have similar
magnitude. The coupled temporal evolution of the
plasma parameter and effective diffusivity.is analyzed
and the limit cycle solution with double hysteresis is
newly found. This predicts the existence of a new
type of ELMs and we attribute it to the compound
dithers in experiments. The condition of the com-
pound dithers, d=0.05 and v+~1 critically depends
on the assumption of the constant-2 model.

In Chapter 6, the role of neutral particles near
the X-point and at the main plasma is studied by
keeping four independent mechanisms of the bipolar
losses, i.e., the loss cone loss, the bulk viscosity loss,
the ion loss due to the collision between the transit
ions and the neutral particles and the anomalous
bipolar loss. The 0-D model was employed and a
simplication as E,=FE,/0 was done. The typical pa-
rameter 0 was further assumed as a constant. There-
fore, E’, was assumed to have the linear relation to E..
Ambipolar (Stationary) condition is examined at main
plasma. The stationary solution of Eq. (6.2) of the
high particle flux corresponds to the L-phase and that
of the low flux corresponds to the H-phase, respec-
tively. It is demonstrated that the neutral particles
‘near the X-point can drive the H-ode transition. We
first examined the roles of the neutral particles at the
main plasma in the L/H transition. When the neutral
density at the main plasma is increased, the flux
change at the transition is increased, thus, the
improvement of the confinement is predicted to be
corrupt. If the neutral density at the main plasma is
larger than the critical neutral density, the H-mode
transition would not occur. The critical neutral den-
sity depends on the experimental precision. The
quantitative agreement between the experiment and
the theory can therefore be improved by including the
effect of the ion loss due to the collision with the
neutral particles at the main plasma in the model
theory. Next the variety of the transition character-
istic with the change of the neutral density near the
X-point is obtained. It is shown that, for the given set
of parameters, there exists a critical value of the

neutral density near X-point above which the H-mode
Thus, the H-mode theory
discussed here is consistent with the experimental
result that the condensed neutrals trigger the H-
mode transition. The critical neutral density &°¢ is
estimated in terms of v+ and d,. and its dependences
on v+ and d, are shown in Fig.18 and examined. The
large neutral density near the X-point is found to be
needed for the transition when the collisionality v« or
the neutral density d, at the main plasma is increased.
However, we emphasize that the key mechanism for
the bifurcation is still the ambipolar condition
including the loss cone loss and the anomalous loss.
If this key mechanism is masked by the effects of
neutrals at main plasma, the L/H transition would not
occur. Conversely, if the key mechanism is unmasked
by the effects of neutrals near X-point, the H-mode
transition can occur. The critical pressure gradient
for the L/H transition discussed here also alters if we
choose the different values of v and d. The
condition for the L/H transition is estimated. The
parameter surveys are done. It is obtained that the
critical A value becomes larger when the
collisionality v+ becomes large in the small d region.
The change of the critical A is found to become small
when the value of v is varied from one to five in the
large d region.

In Chapter 7, to include the effect of E*,, we
extended the ELM model equation based on the
electric field bifurcation model for the L/H transition.
The 0-D model was employed and a constant-{
approximation was done. The stationary solution of
the dynamic equation, i.e., the solution of Eq. (7.3), of
high particle flux corresponds to the L-phase and that
of low particle flux corresponds to the H-phase,
respectively. The extended ELM model is composed
of the temporal equations of the thermodynamic force
A and the loss rate D. The time dependent Ginzburg
-Landau equation, which includes the nonlinear term
in the E’ transition model (see Fig.21), was
formulated for the development of the loss rate D.
Near the transition boundary of the L- and H-modes,
a solution was obtained in which the self-generated
oscillation of the outflux (T") and the thermodynamic
force (1) occurs under the constant influx (S)
condition (see Fig. 23). We examined the dynamical
stability of the stationary solution. The existence of

bifurcation occurs.
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the self-generated oscillation was confirmed also in
the presence of E’,. We also attribute this state to a
kind of dithering ELMSs in the presence of both E, and
E’,. The form of the bursts depends upon the
transition structure in the phase diagram like the one
shown in Fig.21 and upon the trajectory which the
plasma follows. The burst shape, therefore, alters if
we choose the different values of do and S. Also the
choice of the constraint between E, and E’; strongly
affects the curve, which is varied in experimental
conditions. The details of the burst shape should be
examined in accordance with the case of concern.
The condition including the electric field shear for the
occurrence of the self-generated oscillation was
newly given. The parameter space corresponding to
the condition (7.12) was also shown in Fig.24. It was
found that the hatched region for the negative £, in
the parameter space is wider than that for the positive
E’,. This asymmetry with respect to the sign of E,
could be tested, In future, in the experiments like
TEXTOR, in which sign of E, in the H-mode plasma
can be controlled by external bias [5].

The condition of the L/H transition and of the
appearance of the double hysteresis derived in this
article critically depend on the assumption of the
constant-¢ model. Our model equation incorporates
the local and stationary value of E’, (sheared poloidal
rotation) near the edge. In addition, throughout the
article the zero-dimensional model is used to analyze
the transition physics and the spatial structure is not
solved. In reality, ¢ is not constant and the more
precise form of Eq. (3.5) must be used to obtain the
more exact condition. One way to resolve this prob-
lem is to solve the spatial-temporal evolution of the
radial electric field near the edge. This is left for our
future work.

The penetration of neutral particles to the edge
region also affects the electric field structure. The
effects of neutrals, i.e. the penetration depth, the
neutral density and so on, on the structure are also
left for future study.

With respect to the temporal evolution of the
ELM bursts, the case with double hysteresis in the
presence of an external source was not analyzed.
There arises an interesting question whether chaotic
dynamics would appear in the case of compound
dithers.

In this article, we concentrate on the transition
physics and do not discuss its impact on the
anomalous transport. Only bipolar component of the
flux is discussed for the H-mode transition. However,
the energy flux could be dominated by the intrinsic
ambipolar component of the flux [44]. The global
energy confinement and the particle confinement
could be discussed by summing up the ambipolar
component, which are influenced by the jump of the
radial electric field. The particle diffusivity of the
bipolar component D} was taken to be a constant for
simplicity, throughout this article. The inclusion of
the parameter dependence of D% together with the
analyses of the intrinsic ambipolar diffusion is also left
for our future study. Furthermore, the couplings of
the temperature development or to in different
directions are neglected. The models for the heat
conductivity x (or the particle diffusivity D) have
been proposed in many articles. As a candidate, the
heat conductivity x for the nonlinear self-sustained
turbulence of the pressure driven modes was given in
Refs. [59, 60] as

Xc

= m, 8.1)

X
where 7. is the heat conductivity in the L-mode, the
parameter wg: stands for the shear effect of the radial
electric field and G: is the certain function of the
pressure gradient and the magnetic shear parameter.
The details are given in Refs. [59, 60]. Investigations
on the heat conductivity in addition to that on the
particle diffusion coefficient are necessary to under-
stand the electric field structure at the L/H transition.
These problems are left for the future study.

There are other mechanisms to induce bipolar
losses. The electron ripple loss is an example. The
existence of the other impurity ions also affects the
bipolar loss. These may add a variety in the transition
condition.

Regarding the effects of scrape-off plasmas, we
neglect the ion loss cone loss of the ion orbit outside
the separatrix surface. In order to examine this
effects, the radial dependence of E, across the
separatrix should be taken into account. Furthermore,
the electric field is not always constant along the
magnetic field line outside the separatrix surface.
Further analysis is necessary.
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Table 1. Parameters in Chapter 1

Table 2B. Parameters in Chapter 2

electron charge
ion poloidal gyroradius
radial electric field

ion temperature

ion-ion collision frequency
major radius

safty factor

ion thermal velocity
inverse aspect ratio
effective collisionality

radial electric field shear

e
Opi
E,
T;

X=e0nE/T;

Vii
R
q
Vi
&
Vi
E,

Table 2A. Parameters in Chapter 2

plasma beta

line averaged electron density
perpendicular plasma beta
electron temperature

power of neutral injection
injected power

threshold power of L/H transition
frequendcy of ELMs

energy power through separatrix
toroidal mode number

poloidal mode number

minor radius

toroidal magnetic field

numerical coefficient

ion density

ion loss

ion parallel velocity

ion distribution function

loss cone loss of ions

numerical coefficient

anomalous loss

B,
F(O<F<I)
ni
T

numerical coefficient
bipolar anomalous diffusivity

normalized particle flux

critical value of A

poloidal flow velocity
poloidal magnetic field vector
ion viscosity tensor

poloidal (pararell) vicosity
ion mass

radial coordinate

ion gyroradius
integral quantity
integral quantity

particle velocity

poloidal magnetic field

a

b
e0

I

do=D’/e/ (0§;F Vi)
A=—puWm.+aT/T.)
A

Pi
Up=—0:dT:/dr)/T:
I,

Ir

v

2=0/vr;

B,

Table 2C. Parameters in Chapter 2

magnetic field

geometric factor
numerial coefficient
chracterisitic width

light velocity

magnetic field vector
ion loss cone loss vector
left side of Eq. (2.10)
right side of Eq. (2.10)

7 which denotes ions (¢) or
electrons (e)

particle flux due to bulk viscosity
numerial coefficient
neoclassical particle diffusivity
Larmor radius

mean velocity along magnetic field

ambipolar electric field

B

Upm=U,B/ 0rB,) +A/2
G

W

Ar

c

Ik
Yi(Upm)
Y2 (Upm)
J
Iy

Ti

D;

0;="2m;T;/ (eB)
Ui

E,

Xo=e0piEo/T;




82 Topa: L/H Transition Characteristics due to Bipolar Losses in Tokamak Plasmas

Table 2D. Parameters in

Chapter 2

Table 4. Parameters in Chapter 4

ion pressure
poloidal electric field
Pfirsch-Schiilter radial loss

mean free path

plasma dispersion function
dielectric constant of vacuum

perpendicular dielectric constant of
magnetized plasma

P=n;T;
E,

res

Ampp
®=B,/B
Y=qR/ Xnsy
Z(X,y)

Eo

E1L

loss of ions due to collisions between | 1,

ions and neutrals

loss of ions from other collisional
processes

loss of electrons from other
collisional processes

time after L/H transition
intesity of SX radiation
radial position of separatrix
current due to loss cone loss

current due to bulk viscosity loss

NC
I

NC
e

ion (electron) density if ni=x. n
ion (electron) temperature if 7:=T, | T

d=Dl/(Jews 03:)
A w=—0pit n/M1
density of bulk ions Nio

Ta=MWio/Ni

second term in left hand in Eq. (4.1) |7

Table 5. Parameters in Chapter 5

Table 3. Parameters in Chapter 3

effective loss rate D

source S

small parameter v~O0 (B}/B})
D(W=T/x

Alfvén velocity Va

value of D at points 4, B, - | ~

in Fig.11 (a) D&, B, )

value of A at points 4, B, -

in Fig.11 (a) A4 B, )

loss flux '(=DA)

hot ion loss due to toroidal rippled field
numerical constant

toroidal ripple

subscript which represents hot
ion component

neutral density

collision cross section

numerical coeffieient

radial extent of transport barrier

numerical correction

bipolar part of effective diffusivity
in presence of E”,

critical parameter which satisfies
u?=8v2¢ (4—u.)

angular frequency

ry
C»(=12.38)

Mg=0piE,r/ (UTin>
D!
Uc

w

Table 6. Parameters in Chapter 6

collisional frequency of
trapped ions

- X
Vi

effective detrapping frequency | Ve (=Vii+ Vi)
dn=ng"" (ov) (1+2¢")/

(Ve wqu)
neutral density at midplane nye

§ =i/ ws
neutral density near X-point | nf
lower limit of & for multiple £
solution
lower limit of & for L/H £
transition

Table 7A. Parameters in Chapter 7

Av=A—04i (eBrw/ (MT.))

Doppler shifted angular freaquency

we=ME,/(rB)

angular frequency of the mole W=w+ws

poloidal fluid velocity
toroidal fluid velocity

Up

Us
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Table 7B. Parameters in Chapter 7

value of A where H—L transition occurs | A;
value of A where L—H transition occurs | A
value of D where H—L transition occurs | D:

value of D where L—H transition occurs | D»

C=ug/u.
influx T
typical value of density in L-mode ne

gi=ns

&=/
effective diffusivity D
numerical coefficients By, Bs

typical of effective diffusivity invalu L-mode | D,

typical value of gradient parameter in L-mode | A

fundamental source So
amplitude of external oscillation &
frequency of external oscillation Q

Table 8. Parameters in Chapter 8

heat conductivity %
heat conductivity in L-mode 1L
shear effect of radial electric field WE,
function of pressure gradient and G
magnetic shear parameter
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