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Abstract

A survey is made on the problems of the edge plasmas, to
which the analyses based on the MHD theory have been successfully
applied. Also discussed are the efforts to extend the model
equation to more general (and important as well) problems such as
H-mode physics.

An overview is first made on the advantages of the WHD
picture, and the necessary supplementary physics are examined

Next, one- and two-dimensional models of the spatial struc-
ture of the edge plasma is discussed. The results on the
stationary structure, both analytical and numerical, are
reviewed: Typical example as well as the scaling law are shown

The instabilities associated with edge plasma is next
reviewed, The surface kink mode, ballooning mode, interchange
pode, resistive interchange mode and therpal instability are
discussed. Role of the geometry such as the location of the X-
point is studied. Influences of the atomic processes, and those
of the radial electric field are also discussed.

The analysis of the H-mode transition physics is finally
discussed. The boundary plasma is a nonlinear media which
possesses the possibility for bifurcation in which the radial
electric field plays a key role. The model of the ion viscosity
is also studied. Transition physics is déveloped. Analysis on
the self-generating oscillation is shown and the relation with
ELMs is discussed

After reviewing these problems, several comments are mpade to

what directions the study can be deepened
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Part A A REYIEY ON APPLICATION OF MHD THRORY
TO PLASMA BOUNDARY PROBLENS IN TOKAMAKS
Kimitaka Itoh
National Institute for Fusior Science, Nagoya 464-01, Japan

{I] Introduction

The important roles of the edge plasma have been widely recognized
both on the plasma confinement research and the design study of fusion
reactors, The basic physics approach was compiled in Ref.{1]. Recent
experivental findings, such as the H-sode??, had a large impact in the
progress in this field, as is reviewed in [3]. One of the keys is the
sensitivity of the plasma response tc the change of the plasma position
such as the plaspa-wall distance aor the directions of the lon VB drift and
X-point location® ¥) It is necessary to find out the key parameter which
characterizes the spatial structure in modelling the edge plasma phenome-
na. The impact of the plassa properties on the design of future large
devices is also well known. For instance, the estimation of the heat
localization width and its dynamic change (such as in the large ELNs (edge
localized modes)) are critical issues,

In the study of these problems. Lhe analysis based on the magneto-
hydrod+isamic (MHD) equation has been performed. This equation has the
advantage that phenomena of various time scales, from the Alfven transit
tioe to transport time, can be treated and that the plasma configuratinn
is easily taken into account. In this article, we present a brief survey
on the problems in edge plasmas, for which the analysis based on the fluid
equations are successfully applied. ¥e also discuss the efforts tc extend
the podel equation to investigate more general and important problems such
as H-mode physics. We finally discuss the future possible investigations

[II] Structure of Edge Plasmas

The plasma and geovetry of our analysis
are shown in Fig.{. The thick dotted line
indicates the separatrix. The definition of
the "edge plaspa’ has not been made uniquely.
e here consider that the edge plasmwas are
consist of the plassa (1) oulside of the
outermost magnetic surface (i.e.. scrape off
layer) and some inside of the separatrix,
i.e.. in the region (2) where the 1nhogoge-
neity along the ficld line is appreciable or
(3) 1n which the radial gradient length
depends weakly on the minor radius.
(Poloidal =mesh 1s for 2-0 calculation.)




The basic equations, i.e., the continuity equations of the

densily, the momentuam and the energy. are given in literatures asS)
ap/at + V(p¥) = S (-1
pd¥/dt = - VO + R+ F + Sn (1-23
a(pEg)/at + V:(EV) » -I:VV + (R+F):V - Veq + Sg -3

e is the pass density, Eg is the internal energy per unit mass, F is the
external force, and other notations are standard. The KHD equations are
not closed by themselves, and we need to specify the closure such as the
equation of state, the stress tensor I and the transport coefficient, and
the model of the sources (8, §,. 8g)

The coomon choice of the closure is that the parallel transport is
classical, and only the diagonal part of the stress tensor, element of
which is p=nT, is kept. The frictional force R is calculated by Spitzer
collision frequency. The classical values are used for the plasma resis-
tivity » and parallel thermal conductivity. The electron energy flux q. is
given by que + qTe, and that for ion is given by qTi. where

a, = -0.71Tgile + (3T ug/2eqg)bxi,

9 = kW T - K, BT +(50T/2eB)bxVT.

v, is the electron collision frequency, ﬂe is the electron cyclotron
frequency. b=B/B and k=nx. The perpendicular transport coefficients are
considercd to be anomalous. and the prescribed form is employed

The particle source can be calculated once the neutral density is
given. This term depends on the geometry strongly. The connection with
the computation on neutral dynasics is discussed in [B].

The boundary conditions at the plasma-material interface are
given?) in the form of the Bohm sheath criterion and energy transmission
ceefficient 7T, ;. The current across the plasma-wall interface is often
assumed to be zero. The extension to the case where the current flows
across the wall (e.g., the divertor biasing) is also possible

The plasma distribution along the field line in the scrape-
off layer is firsl studied, When the plasma thickness is parameterized by

4. the parallel energy conduction equalion alang the field line givess)

3.5 _ 3.5
T(2) = Tdiv + 7q,2/2k5,  ay= ByPy, /B 2raR, (2
where L is the distance along the field line from the divertor plate. &, =
KDTZ‘D‘ Poyt is the total emergy outflux to Sol, a and R are the minor and
najor radius. and the energy deposition in the Sol plaspa is neglected for
the simplicity. Though very sipoplified. this equation reveals essential

o



characters of the Sol plasma
The Bohw sheath criterion gives the plaswa parapeter in front of the

divertor as
3/2
Tg = Pout/67 Tgyy and ng = vA;7; (B /B 2maRI(6T,, Y/ 2/ /P

where Ty =T, +7;, G is the enbancement factor of the particle flux in SoL
plasma and rout is the particle flux out of the main plasma, Td and oy
are essential in evaluating the perfcrmance of the divertor.

The parameter & is determined by the cross field emergy traasport.
Solving the eguation :J_VL’I' - 'ql("'Puut“"zaR)' the estimation of
A is obtained in [8]. If the cross field transport is given by the Bohm-

like diffusion. T, « T/eB, we havel0)

Afa = 5k, (LB, /rgaB )4/ LI (RsPy, 2871 (3

whers L is the distance between midplane and divertor along the field
line and ‘L"‘aT- The heat flux channel becomes narrower as the power
increases. It is also shown that & does not scale to al. (For instance.
if Poyy ~ad, then a n a%/11)

The drift heat ilux (¥Txb term in qT) can also affect the heat chan-
nelll)4 This termw depands on the direction of B, and can be taken into
account in Bq.(3) by modifying k,.

The nuperical analysis has been performed in crder to obtain the two
dimensional structure of the Sol plasnas'lz'ls). These calculations can
also determine the neutral particle profile, and hence the parameter G
Example is shown in Fig.2. It is shown that the dense and cold divertor
plaspa is established, and the neutral particles are localized neaiby.

MAX:7.0EO1

INT:5 eV

Fig.2 Exanples of the 2-D simulation in Lhe Sol region., Profiles of
Tee My, 0y are given, (Madel of JET ¢W plaswa. the ion VB drift is
in the direction of lE? ¥ point. the tolal fluxes from core are P

=0.5M¥ and r, , “5x10°'/sec, respectively.) out



Though the 2-D covputations can now be fluently done, scaling study
is desirable to have a fast grasp of the phenomena. The scaling study has
been perforsed by using the 2-dimensional numerical code (assuming the

Bohm diffusion coefficient) to give!S)
ng ~ rout",Puuta'“' Te.d ™ Poutrout-l' -0
oy ™ routpout-u'a' Te,n ™~ Poutn'srou[u'zs' 4-2)
2~ Toue D 4 Pouy T B om0 B, 15 -0

where Lr and 1, are the scale lengths of the radial gradients, T/T' and
n/n' (' =d/dr), at the midplane, respectively. This result confirms that
the analytic result is a good estimate. If we eliwinate T, from £q.(4-
2). we have Ts.h"Puuto'qnb-'ZE' Equations (2) and (3) give Ty ~ Th‘/llnh'
2/11  yo see that the plasma structura is well understood, and what is
really necessary is the understanding of the cross field transport.
Extension to the impure plasmas has also been perforned“'ls).

[TIT] Stability of Rdge Plasmas

WHD equation is most successfully applied to the study on’
the plasma stability. The strorg shear associated with the separatrix and
the poloidal location of the i-point are critical for the study on the
stability beta limit.

The average magnetic curvature at edge of the tokamak plasma is
favourable (except the case where the X-point is outside of the tcrus).
The unstable pode may be localized in the outside of the torus (where the
local bad curvature exists}. The wave length aleng the filed line is
long, i.e.. ¥,= b*V = 1/2 but the one across the filed line is short,
a/ae>>1/a. For the perturbation #(r,@,2}, the ballooning transformation
was introduced as !7) o(r.B.()-Eexp('inatnl)I_:dlo(t)exp(i(rnq(r))xl.
where q(r) is the safety factor and » and n are the poloidal and toroidal
vode nusbers, respectively, <(Note 1 is the ceordinate, not thermal con-
ductivity. We here follow the notation of Ref.[18].) The Buler eguation
for high-n sode is given in a form of the erdinary differential equation.

Analytic formula for ideal KHD mode was obtained in the high aspect
ratio lipit of the circular plassa. The Buler equation is characterized
by the three parameters, i.e., serq’'/q (local shear}, a= -ZRQZB'Z./' (local
pressure gradient) and 8=(1-g 2)r/R (average well). The Euler equation is
siaplified as (a/21)(1+12]a0/ax+ (alcosz-Tsinx)-8-72(1+1%)}@ = 0, I- sz
asinil, and T is the growth rate. The instability condition for '~ s case
is given as 3/40a?-/a}/2-3208/9] ¢ 5 < 3/4lal+/at/2-32a6/0], shaving that
the ballooning mode is stable for a<0.8/5 and x>2,2/5 (the second stabili-
ty). Figure 3 illustrates the stability limit for the pressure gradient
{o) as a function of the shear.

-



Fig.3 Unstable region for high
Asot n ballooning mode on the s o
plave (hatched regiaon},
Dashed line indicates the
ideal stability limit.
Shafranov shift is taken into
account, B =B,5/(1-Acose).
and A-0.1.° TRE finite resis
tivity widens the unstable
region to low beta resio?
Quoted from Sykes et al. 19)

- \\
S

S e
L tevat unpinbie T~

!

In the edge plaseas. the plasma resistivity » is swall but [inite
The dissipation process can destabilize the mode for the regime where
ideal WHP mpode is predicted to be stable. The effect of the resistivity
has been studied in detail!®19)  For the finite-resistivily plasma.
Euler equation is reformed, and is characterized by the four parameters
s, a, 6 and S, where S is the magnetic Raynolds number, S:vAuDaZ/nF. For
the case of the strong ballooning limit ([sx[¢<1), the growth rate T is
determined by (growth rate 7T is normalized to v,/R)

1 aekgtresitl - v fr - (kp/es)toace) - 0. (s)

where Ty is the growth rate in the ideal MHD limit, Tf = a-Ja/2-6. It is
shown that, in the absence of well (8-+0). the mode is unstable for all
value of & i.e., the stability beta limit is zero (see Fig.3). The vnode

growth rate is given as
T Cakg2/28)H3 for a0

In the presence of the magnetic well. the critical beta for stability
appear belaw Lhe ideal MWHD stability limit. An estimate for stability
from Eq.(5) is given by acs.

The comparison study of the occurrence of the 'Type-I’ ELUs20) cor-
responds to the stability boundary for the ideal WKHD instability, suggest-
ing the importance of this kind of instability. However, the catastrophic
nature, such that the sudden grawth of the mode with m~[0 acls as the
precursor of Giant eLis?!), is not understoad

Atopic process is also the characteristic to the edge plasma, and
affect Lhe edge stabilily tremendously

Global instabilities are known such as WARFEZZ) and detachment. The
radiation loss is podelled as Sg = -non L(T,). where nj is the
iepurity demsity. Models on L{T,) and the dynamic response of ny with



respect lo the perturbation are necessacy to guantify the growth rate
The latter is usually denotes 5y the parameter E--(ie/neoﬂllnl)(T/f)
Asymgelric thermal instability (o=!{/n=0. i.e,, NARFE) can grov 122

nplal/at+eL/T] > (x,/Ca-ry)%ex, /a%R%) and &n(L/T > 2,70%% (&)

where [ry.al is the region of the analysis, where 3L/aT is negative and
large. If the latler condition of (6) does not hold, the poloidally syu-
metric pmode (i.e., detachment) starts to grow. This picture is often
referred to as an origin of the density limit. The lighter impurities
(for which aL/aT<0 for the lower plasma lemperature) leads to the WARFE
while the heavier one tao the detachment {(and then disruption): These
predictions are consistent with experiments

The microscopic sode is also affected by ataomic process. Feor ins-
tance. if the neutral density ny is constant, then the density filuctuation
T gives the source of fluctwation S -7 F=ngM<av>. This positive feed back
enhances the growth rate of drift-like waves by the awmount of TDZJ)‘ The
neutral density itself contains the fluctuating component. and a relation
§p 7 Tl is not always valid. Further analysis is required

The sharp gradient of the radial electric field (flow velocity shear)
can also affect the stability of the edge plasgsa. The electric field
gradient influences the stability through modifying the ion crbiﬁ24x
The effect was studied by XHD equationsZE), Stabilization is expected if

B hg/Bk | ~ 7 m

where L is the linear growth rate in the absence of Er'. Recent progress
has shown thal the mode agplitude is nol necessarily reduced by the velo-
city shear, aad ihe intensive study is under wayZ®).  The study in this
direction was mctivated by the prediction of the radial electric field at

the L- and H- pode transilicn27) and its confirpation by experinentszs'zg)

(1¥] Bifurcation Pbecoomecna

One of the most drasatic fiading in recent plasma confinement experi-
wents was the H mode?). It has shown the menaric nalure of the edge
plasma that the multiple states are allcwed for given external conditions
that the ty
that it bas a rapid time scale for the transition. Efforts have also been
made to model these phenomena in the framework of the fluid picture of the

cal gradient length can be free from the minor radius, and

flasza. and are illustrated in the following

A possible mechanisp of the bifurcation was proposed by taking inte
account the effect of the loss conE27). The basic physics picture was
that the gradient-flux relation should have the form, which is

2=



schematically drawn in Fi1g. 4. to ex-
plain the sequence of the transition and
that this is possible at edge (not
characterized by the separatrix).

To quantify the nodel, it is neces-
sary to study the nature of the visco-
sity term in the basic equatioa. We

write the Poisson equation combining
with the equation of motion as

on,9T

egey B /At = e{I, - Ty - o) (8)

where ¢ is the perpendicular dielectric constant, I, is the bipolar
cogponent of electron flux, [ ; is that of ion flux., and Ty is the loss-
cone curreat of jons, (These terms are neglected in assuning IO/p by the
unit tensor.) The statiomary solution is obtained by solving [ =T ;4T ..
The term T;. has the dependence on B as [, ~ npniuie'o‘selp(-zxz) vhere
vy is the ion collision frequency, £-a/R, E indicates the effect of orbil
squeezing due to the inhomogeneity of Erau), and X~eErpp/T, (X is equal to
the poloidal Wach number va/VTiBP if Vp=Er/BL-) This shows that the loss
flux can reduce if E_ is large enough. Figure §(a) illustrates the case
study that I, is proportional to (-n'/n+eE /T,), and Iy is neglected

Fig. 5 Balance of loss cone loss Tie
and electron loss T ., delersines
the radial electric field X-
ep B /T; (a). For the c¢. e of &
(sfal1l A=s_n"/n), onme 1a.ge-flux
sotution i8 allowed. dultiple
solutions are possible for the
vediup A case (B and C). and the
one seall-flux solution is allowed
for large value of A (D). The
resultant flux as a function of 2
is shown in (b). The characteristic
respanse in Fig.4 is recovered
Yhen the electron loss term T is
negligible, the ion viscosi.y®
driven flux -T.; and | (solid and
dashed iines, respectivély) deterpine
the radial electric field (c). The
w 4 2 a9 0 1 2 3 function T(a) shows the similar
response as in (b).




The jump of T is predicted at the crilical gradient
A= epn’/n = A and A~ OCH) (8}

as is shown in Fig.5(b). This example shows that the singularity of the
transport property I[Vn] can be explained by using a continuous function
of TLE.].

The extension of the model is possible by considering rri3l). The
bulk viscosity generates the force on ions in the poloidal direction as
Foovoompnguig V f(X). The function f(¥) is unity for |R|<<] and behaves
like elP( lé) (plateau regime) or %°2 (Pfirsch-Schluter regize)3!:32)
Figure 5(¢) illustrates the balance of Tie = “Trye confirming that the
bifurcation can occur at the particular value of the edge gradient, a. ~
0C1). Variety of the bifurcation is predicted. When the electron ters
rre is negligible, the transition occurs to the wnore negative Er' and that
to the more positive B takes place if r is ioportant. QOther candidates
such as Lhe YV¥V term or the turbulence dr:ven flux are also stud:edaa)

The proposal of the electric bifurcation??? was tested by experi-
vents. D-I11 D28 and JFT-2429) confirmed the radial electric field. The
transition can be excited by the radial current driven by the probe and
external circuit34). The layer width is of the order of png). The
nonlinear response of Fp to X is confirmed by the biasing experinentasx

Yarious types of ELMs are known in experinentsZZ), Some is corre-
lated with the critical gradient of edge pressure against the balloening
nsode, and some is rot. The bifurcation theory predicts a podel of small
and ccntinuous ELIsaG), The hysteresis between ¥n and I can generates the
oscillation (" Iimit cycle solution’). The dynamical eguation (B) is
solved with continuity equation and the wodel equation T[X,p}. Model
equation can be forwulated in the forp of the Gintzburg-Landau equation as

an/at = (a/ax)D(X)an/ax, (o-1)
vak/at = -N(X A n) + waly/ax? (10-2)

where D is the effective diffusivity, x=a-r, v is the smallness parameter
of tbe order of (ﬂi/Pp)z, p is the shear viscosity, and N represents the
current e[[') +T ,-T ] which has the nonlinearity and depends on both E_
and ¥n. Introduction of the shear viscosity allows us to study the radial
structure of the barrier. {(Note that normalization is used as x/p p
D/Dg+D, w/Dgu, t/(e Zlﬂo)nt. and Dy being the diffusivity in L- phase )

A simplified -ode] was studied where N(X, A,n) is given N(X,g) (g»
A/vy) and N(X,g) is modelled by the cubic equation as in Fig.B(a). It is
shown that the set equation (10) predicts the self-sustaining oscillation
for a fixed value of the flux from core. This oscillation is possible in
a limited area in the parameter space. Otherwise, either the high-con-

.



finement state (H) or lov confinement state (L) is allowed. Figure 6(b)

and (c) illustrate the ascillatory selution of the out fiux, and the

radial profile of the effective diffusivity in H and L phases. 1In the tise-
phase of good confinement, the reduction of D extends from the surface to
the layer, the characteristic width of which is given /mPF.

Tout J
a
3
2
%Y
[} 1 t2

Wodel of the effective diffusivity D (D- I'/¥n) as a function of
Transition occurs at points 4 and B
The prediited oscillatiaon, for given
The profile of D al the two
x» 0 corresponds to the surface.

Fig. 6
the gradient parameter A/u; (a).
Two branches H and L are shown
constant flux from core, is shown in (b).
tipe slices (arrows in (b)) are »hown (¢}
and x¢-2 to the core plasma,

These results also illustrates the importance of the viscosity in the
dynapics and structure of the edge plasmas

[¥) Summary and Future Problems

In this article. we briefly surveyed the applications of the WNHD
theory for the understanding of the edge plasma physics. The edge
phenosena is geometry-dependent, and contains various time scales. The
MHD equation is a suitable tool for modeliing the phenowena in the edge
plaspmas. It was successfully applied to study the two-dimensional profile
of the plaspa, Lhe behaviour of impurities, and the stability analysis.
Recent efforts has b n to extend the applicable area by investigating the
role of the radial electric field and the viscosity

¥c here stressed that the WHD equations are not closed by themselves
and need some closure model. The study on the stress tensor I can
largely extend the area of the application. Many results are dependent on
the choice of the anopalous transport coefficient.

Combining the theory that the radial inhosogeneity of E_ (or VF) can
stabilize the microscopic instabilities. Lhe structure of the established
electric field (flow velocity) are considered to suppress the microinsta-
bitities and associated anomalous transport. The reduction of the anoma-
Jous transpory further improves the confinewent inside of the transport
barrier. Figure 7 illustrates the present 'standard sodel’ for Lhe tran-

12



sition phenomena al edge,
though many part of the

destabilization

Lasses by
Lass cone, Ripple,
Magnetic Braiding

elements are still
qualitative yet,
There are couple of

probless which require
future studies. The
influence of the atomic

charge neutrality

processes has been examined
in the MHD analysis
Further analysis to refine

Anomalous
Transpart

wodels for the impurity
response is required, The
determination of the
stability limit is now a Fig.7 _ Schematic diagran between the
vell-defined problen for radial electric field/ rotation,

. . the radial current, anomalous
the realistic geopetry and transport. and plasma fluxes.

profile. There are.
however, several problems;
e.g., bursts of pmagnetic perturbation are observed and wait explanations.
Taknig into account of the change of the current diffusivity due to the
instability itself, the magnetic trigger phenomena has been analysed®’)
The quantitative isprovement of the modelling of the viscosity and the
radial currents is alsoc necessary. The model pust be extended so that the
quantitative prediciion of £, is possible. Wany further improvement of
confinement have been proposed based on the electric bifurcation model.
The verification of the model is surely an important issue.

¥e here have few room to show how the understanding of the edge
plasma cunfinement is used ta controf it. Exasples are seen38) in the
analysis of the divertor bias, or possibilities tnr excite the H-mode
transition by the icn beam and to sustain grassy ELMs by exteraal oscil-
lations. The control of the edge plasma, e.g., for the good energy con-
finevent, efficient punping, suppressicn of impurities, or tolerating the
heat load. is an urgent task. The understanding and vodelling of edge
plasma are inevitable for it. and the MHD analysis will be very useful.
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Part B
Lecture Note on Application of NAP Theory

to Plasma Boundary Problems in Tokamaks



{I] Introduction

Recently the important roles of the edge plasma have been
videly recognized both on the plasma confinement research and the
design study of fusion reactors. The basic physics approach has
been compiled in Ref.(l] Recent experimental findings, such as
the H-lodeZ), had a large impact in the progress in this field
as is reviewed in (3]. The core plasma confinement should be
pore tightly coupled to the edge plasma condition than has been
thought, if we judge from the phenomena like Improved Ohmic
Confinenent4) (I0C), in which the reduction of the gas puffing
rate leads to the peaked density profile at the core. One of the
key features is the sensitivity of the plaspa response to the
change of the locations of the plasma, such as the plasma-wall
distance or the directions of the ion VB drift and X-point loca-
tionz)'a), 'These observations indicate the importance to take
the realistic geometry (ecr alternatively, to find out the key
parameter Lo characterize the spatial structure) in the modelling
of the edge plasma phenomena, At the same time, various atomic
processes introduce variety of the plasma dynamics in the edge
region. The short mean free paths of atomic processes enhances
the influence of the geometry on the global plasma structure

Other progress of the research has been seen in evaluation
of the impact of the plasma properties on the design of the
rlasma facing component in the future large devices., For
instance, it is well known that the estimation of the heat locali-

zation width is a crucial issue. Also necessary is the evalu-



ation of the dynamic change of the heat load such as that in the
large ELMs (edge localized podes). These issues also illustrate
the importance of the study on the structure and dynamics of the
edge plasma in a realistic plasma configurations

In the study of these probleps, the analysis based on the
nmagnetohydrodynamic (MHD) equation has been performed. This
equation has the advantage that phenomena of various time scales
from the Alfven transit time to transport time, can be treated
and the realistic configuration is more easily taken into account
in comparison with other approaches (such as Vlasov equation),
assuwming that the physics coefficient (such as transport
coefficient) and boundary conditions are given

In this article, we present a brief survey on the problems
for which the analysis based on the fluid equations are success-
fully applied to the edge plasmas. We also discuss the efforts
to extend the model equation to apply more general and important
probleas such as H-mode physics. We finally discuss the future
possible investigations, [It is noted that the terminology of
"MHD equation’ in this article is not the one for the one fluid
ideal MHD equation. Various extensions to the physics processes

are included in terms of the transport coefficient.]



[II] Structure of Rdge Plasmas

Y Fluid E R B R c -
The plasma and geometry of our analysis are shown in Fig.1.
The definition of the 'edge plasma’ has not been wmade uniquely
¥e here consider that the edge plaspas are consist of the plasma
(1) outside of the outermost magnetic surface (i.e., scrape-off
layer) and some in the inside of the outermost magnetic surface
The latter is the plasma (2) in the region where the inhomoge-
neity along the field line is appreciable or (3) in the region in
which the radial gradient does not scale linearly with minor
radius but is determined by the distance from the surface
The basic equations consist of the continuity equations of

the density, the momentum and energy as?)

de/at +V-(p¥) = 8 QD]
pdV/dt = -V-H + R + F + § (2)
B(PES)/at + V'(ESV) = -B:V¥ + (RtF)-¥ - V-q + Sg (3)

for each plasma species (suffix to identify the species is sup-
pressed for the simplicity), where N is the stress tensor, R is
the frictional force, F= q(B+VxB), ES = V2+w. w is the internal
energy per unit mass, Sn' Sy Sg are the sources of particle

mopentun and energy, and other notations are conventional. One

fluid MHD equations use the variables total mass density, o,



velocily of the plaswa, V., charge density Py and current density
j. instead of Po. i and ve.i- And the Maxwell equation is used to
soive the plasma respons: and the field

The ¥HD equations are not closed by themselves, and we need
to specify the closure such as the equation of state, the stress
tensor B, and the transport coefficient, and the model of the
sources

The common choice of the closure is that the parallel trans-
port is classical, only the diagonal part of the stress tensor,
element of which is p=nT, is kept, and ES is approximated by
3p/2. The frictional force R is calculated by Spitzer collision
freauency, and interaciion between neutral particles are included
in Sp. The classical values are used for the plasma resistivity
7 and parallel thermal transport coefficient x . The perpendicu-
lar transport coefficient are considered to be anomalous, and the
prescribed form is substituted in the WHD equation

The electron energy flux g, is given by q.° + q¢f and that

for ion is given by qTi. where

a, = -0.71T /e + (8T, v, /2ef Ibx] (4
qr = »:JV»T -k VT +(5nT/2eB)bxVT (5)
Ve is the electron collision freguency, ne is the electron

cyclotron frequency, b=B/B and k=nx.
The particle source can be calculate’ onrce the neutral

density is given. (This term depends on the geometry strongly.
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The connection with the computation on neutral dynamics is
discussed in (6,7].)

The boundary conditions at the plasma-material interface are
givens'g) in the form of the Bohm sheath criterion and energy
transmission coefficient Te, i The current across the plasma-
wall interface is often assumed to be zero. The extension to the
case where the current flows across the wall, e.g. in the study
~f the divertor biasing, is also possible.

In this section, we study the static (equilibrium) structure

in the edge plasmas. Stability and dynamic responses are

discussed in the next sections

(2.2) 8 1 Field Li
In studying the structure of the plasma distribution in the
Scrape-offllayer, the competition between the parallel and
perpendicular heat transports is examined, For the plasma
parameter of present experiments, the energy transport along the
field line is the fast process. When the plasma thickness is
parapeterized by A, the averaged temperalure in the flux tube
with thicknes A is given by integrating the parallel energy

conduction equation along the field line asl02

T35 =1y 85 4 1q,072e 6

where & is the distance along the field line from the divertor

plate, the parallel heat flux a, is given as
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q/=BtP°ut/Bp2nAK

- 2.5
Ky = €T .

P is the total energy outflux to Sol, and the energy

out
deposition in the SolL plasma is neglected for the simplicity
Though very simplified, this equation reveals essential
characters of the Sol plasnma.

The Bohm sheath criterion gives the plasma parameter in

front of the divertor plasma as

Tg = Pout/B7¢Toyy -1

ng = VB T (By /B 2raR)(GT,, )Y /PO (7-2)
vhere

Ty=Tet Ty,

G is the enhancement factor of the particle flux in Sol plasea

and T is the particle flux out of the main plasea. These

out
parameters Td and nyq are essential in evaluating the performance

of the divertor.
(2.8) Structure Across the Field Line

The parameter A is determined by the cross field energy

transport. The cross field transport is stronger for higher
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temperature plasma, the width A is determined by the
perpendicular diffusion near the widplane. From Eq.(6), one sees
that Tu12/7 so that T(L) is approximated to be constant Tb near

the mid plane. Solving

R 2
kﬂﬂ? - qL(’Pout/4" aR),
the estimation of A is obtained in [11]. If the cross field

transport is given by the Bohm-like diffusion

1= T/eB,

ve havelZ)

/2 = 5e,(LBy/kgaB )4/ g/ (3711 8)

where a and R are the minor and major radius, L is the distance
between pidplane and divertor along the field line and k&, =k,T
The heat flux channel becomes narrower as the power increases

It is also shown that A does not scale to al. (For instance, if

Pout ™ a3, then &  a%/11)

The drift heat flux (VTxb term in Eq.(5)) can also affect
the heat channella). This term depends on the direction of B
In the configuration like Fig.l with Bt directed into the paper,
(i.e.,¥B-drift of ions directs to the ¥X-point), this heat flux is

inward of the major radius. The heat flux across the magnetic

surface reduces {(outside of torus) or increased (inside of

I
[N



torus?} Fhen the power is deposited watnty at the outside of the
torus, this term reduces the average radial transporl, reducing &

and enhancing Tp.

( ‘e . . ) . Sigulati

The numerical analysis has been performed in order to obtain
the two dimensional structure of the Sol plasma’* !'4717)  These
calculations can also determine the neutral particle profile, and
hence the parameter G. Exapple is shown in Fig.2. It is shown
that the dense and cold divertor plasma is established, and the
neutral particles are localized nearby

The 2-D computations can now be fluently done, scaling study
is desirable to have a fast grasp of the phenomena. The scaling

study has been performed by using the 2-dimensional numerical

code (assuming the Bohm diffesion coefficient) to givels)
g v routl'lPoutﬂiss’ Te,d ™ Poutrout'l' -
ip ™ routPouiﬂo'a' Te,p ™ Poutoqarout-o'zs' (9-2)
17~ rout0.4pout-0.23l 8, ~ rout>0.24pou10.15 (8-3)

where ¢ and &, are the scale lengths of the radial gradients,
T/T' and n/n’, at the midplane respectively. This result
confirms that the analytic result is a good estimate. If we

eliminate Iy  from Eq.(9-2), we have



0.4, -.25

Te.v ™ Pout ny
Analytic theory [Eqs. (6) and (8)] gives

4/11_ -2/11
Ty ~ Poyt T

showing that the analytical estimate is confirmed by the
sisulation. Figure 2 also show that the electron temperature is
alpost constant at the plasma boundary, which is assumed in
deriving Eq,{(8). Ve see that the plasma structure is well
understood, and what is really necessary is the understanding of
the cross field transport,

Extension to the impure plasmas has also been performed
The screening of ippurities which are generated from the divertor
wall is also been analyzed quantitatively., Analytic estimates

are also discussed in Refs.[18,19].
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[IIXI] Stability of Edge Plasmas

MHD equation is most successfully applied to the study on
the plasma stability., The edge plasma can have a large pressure
gradient (though the pressure itself is low), the study on the
stability beta limit is important. Another characteristic
feature of the edge plasma from the view point of the MHD
stability is the strong shear associated with the separatrix, and
the location of the X-point. W¥e here briefly survey the findings

of the stability analysis

(3.1) Balloonineg Node (Jdeal MHD Mode)

The average magnetic curvature at edge of the tokamak plassza
is favourable, i.e., in the 'well’ configuration (except the case
where the X-point is outside of the torus), In such a case, the
unstable mode may be localized in the outside of the torus (where
the local bad curvature exists). The wave length along the filed
line is long, i.e., k,= bV ~ 1/a but the one across the filed
line is short, a/ae>>1/a. For the perturbation ¢(r.8,2Z)., the

ballooning transformatior was introduced as 20)

a0
*(r, 8 &)= Eexp(-inB+nz)jdx¢(1)exP[i(m-nq(r))x) (10>
where q(r) is the safety factor and o and n are the poloidal and
toroidal mecde numbers, respectively. {Note x is the coordinate,
not thermal conductivity: Behaviour of ¢(x) at 1+« corresponds

to that of ¢(r) at the rational surface.) We here follow the

— 25—



notation of Ref.{21). The Euler equation for the ideal MHD mode
is written for an ordinary differential equations for high-
toroidal-mode-number modes, which has the large growth rate.

Analytic formula was obtained in the high aspect ratio limit
of the circular plasma. The Euler equation is characterized by
the three parameters, i.e.,

s = rq'/q (local shear).

o = -ZRqZB"zp’ (local pressure gradient)

6 = (1-3°2)r/R (average well)
where '=d/dr. The ballooning equation is simplified as
(asa1)[1+1%108/ 81 + {alcosi-Isinz)-6-72(1+12))% = 0, (1
1= sx-asinx, and v is the growth rate which is normalized to va/R

(vy: Alfven velocity). The instability condition for low s case

is given as
3/400%-/ot/2-3208/9] ¢ s < 3/4(al+/at/2-32a6/9] (12)

showing that the ballooning mode is stable for a<0.8/s and

o>2.2/5 (the second stability). Figure 3 illustrates the

-2



stability limit for the pressure gradienl (&) as a function of

the shear

(3.2) Eff £ Pl Dissi : Ball .

In the edge plaspas, the plasma resistivity % is small but
finite, The dissipation process can destabilize the mode for the
regime where ideal MHD mode is predicted to be stable. This
process is important in estimating the beta value at the
stability bowndary, (The problem, whether the stability limit
for beta is the experimental 'beta limit' or not, deserve further

study, and discussed later.)

The effect of the resistivity has been studied in detailzzx
For the finite-resistivity plasma Eq.(l11) is reformed as
(a/a1)(2/(1+2ko2/78) 188/ ax + (alcosx-Tsinx)-6-z72}& = 0, (13)
where z=l+I(1)2 and kg=na/r. The eigenvalue equation is now
characterized by the four parameters, s, o & and S, where S is
the magnetic Raynolds number
S=v nga?/nR
AR .
and vy is the Alfven velocity. For the case of the strong bal-
coning limit {|sz|<<l:, Eq.(13) is approximated by the Weber

Equation, and the growth rate v is determined by

¥ sg2r28)0? - ol - (kp2/28)(ar8) = 0. (4

&)
pu1



where 7y is the growth rate in the ideal MHD limit, 77 = «-/a/2-
8. It is shown that, in the absence of well (6+40), the mode is
unstable for all value of &, 1i.e., the stability beta limit is

zero. (See Fig.4.) The vode growth rate is given as
T~ (akgl/as)l/d (15)

for the marginal stability for the ideal mode (7~0)}. In the
presence of the magnetic well, the critical beta for stability
appear below the ideal MHD stability limit as shown in Fig.4(b).

Simple estimate for stability from Eq. (14) is given by
a < 6, (16)

The importance of the magnetic well was investigated for the
JT-60 plasné (with outer X-point)za). Parameter Dp
(DR=a(a-6)/52) is calculated for outer-X-point configuration and
limiter configuration. (The concition Dp<0 is the stability
criterion from the above simple estimate, Eq.(16).) Compared to
the limiter case, in which Dp is negative, the outer-X-point
configuration has large and positive DR for given pressure
gradient, indicating stronger instability. Experiments has also
shown that the high frequency oscillations appear in the outer-X-
point configuration but not in the limiter case. In this experi-
ment, the appearance of this fluctuations coincides with the

change of the sign of Dp. The influence of these oscillations on
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the global confinement, however, was not analysed yet.

It is believed that the microscopic (high-n) instabilities
pay lead to anomalous transport with 'soft beta limit', and that
the real hard 'beta limit’ comes from the development of the
nodes with low-to-medium mode numbers. The anomalous transport
based on the resistive turbulence has been developed24). but is
not enough to explain present observations

The cowparison study of the occurrence of the "Type-I'
ELI525) corresponds to the stability boundary for the ideal KHD
instability, suggesting the importance of this kind of
instability. Nonlinear simulation of the high-m pressure driven
instability has recovered a rapid grow of the mode near the
edgeZ). However, the catastrophic nature, such that the sudden
growth of the mode with m~i0 acts as the precursor of Giant

ELHsZG). is not understood.

(3.3) 1 biliti D I ic P
Atomic process is also the characteristic to the edge
plasma, and affect the edge stability tremendously.
Global instabilities are known such as WARFE!®) and

detachment. The radiation loss is modeled such that
g = "DenyL(Ty), (17
where ny is the impurity density. Since aL/aT <0 holds for a

range of temperature and the enhanced radiation reduces the

electron temperature, this loss term in principle leads to the
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instability of the electron temperature, Models on L(Te) and the
dynamic response of np with respect to the perturbation are
necessary to quantify the growth rate, The latter is usually

denoted by the parameter
= (Mg /ng*my/npd/(T/T).

Asympetric thermal instability (m/n=1/0, i.e., MARFE) can grow
if19)

nplal/aT+EL/TY > % /(a-ry)? + 3,/q%R% (18-1)

([ry.al is the region of the analysis, where al/aT is negative

and large) and
En;L/T > %,/q%R2 (18-2)
I R

If Eq.(18) does not hold, the poloidally symmetric mode (w=0/n=0
node, i.e.. detachment) starts to grow

This picture is often referred to as an origin of the
density limit. 1If one assuwes that ny/n, is constant, Eq.(18-1)
set an upper bound for the electron edge density against the
thermal instability. This theory of m=1 and m=0 modes also
explains the difference of the condition for MARFE and detachment
to appear. Equation (18-2) is more easily satisfied for (1)
lower T,, (2) larger device and (3) higher heating power; In

other words, the lighter impurities (for which the condition

30 -



8L/aT<0 holds for the lower plasma temperature and Eg.(18-2) is
more easily satisfied) lead to the MARFE while heavier one to the
detachment (and then disruption): These prediction is consistent
with experiments. The dynamics of impurities needs further
analyses for quantitative comparisons.

The atocic process can also destabilize the microscopic mode
such as drift wave27). For instance, the radiation loss
increases the growth rate by the amount of -nIaL/aT. If there is
the constant neutral density, then the density fluctuation I
gives the source of fluctuation Sp=Tyr=ngI<av)>. (n0 is the
neutral particle density.) This positive feed back enhances the
growth rate of drift like waves by the amount of L Estimation
vas made that the ionization can affect the fluctuation level at
edge considerably if Tn>5x103 (s ') for spall devices. It should
be noted that in this kind of computations, the demsity of the
neutral particle is assumed to be constant (the parameter T  is
taken as a constant parameter). This assumption in reality is not
always a good model. The neutral density itself contains the
fluctuating component in the case that the plasma density is
fluctuating: In such a circumstance, simple relation of § =

T, (7,502 is no longer valid. Further analysis is required

(3.4) Eff f Radial EJ ic Fi
The sharp gradient of the radial electric field is also

characteristic to the boundary plasmas. It can also

affect the stability of the edge plasma and gives rise to the

variety of the transport properties
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The study on the stabilizing effect of Er' was studied much
in kinetic theories. The electric field gradient car influence
the stability through modifying the ion orbit28730)  The ion
Landau danping stabilizes the kinetic mode if [E."/B| > |vp;Vn/n]
is satisfied. Also it can change the direction of the toroidal
drift of trapped particle to favourable direction

The effect was also studied by MHD equation531'32). in terps
of the shear flow. The shear flow first tends to localize the

radial extent of the mode. Stabilization is expected if
B kg/Bk. ~ 1 (19>

where 7] is the linear growth rate in the absence of E.". (If
the inhomogeneity of the velocity shear (d2v7dr) is too large,
then the Kelvin-Helmholtz instability is destabilized.) This
stabilizatién reduces the anomalous transport which is caused by
the microscopic instabilities at tﬂe edge. Recent progress has
shown that the mode amplitude is not always reduced by the
velocity shear33) and the necessity to treat the electric field
in a self consistent panner was pointed out., The intensive study
is under way.

The study in this direction was motivated by the prediction
of the radial electric field at the L- and H-mode transition34)
and its confirpmation by experimentsas'ae). Also revived is the
careful study of the dynamics of the radial electric field and
plaspa rotation. The important role of the viscosity was

recognized., which is discussed in next section
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{IV] Bifurcation Phenomena

One of the most dramatic finding in recent plasma confine-
pent experiments was the H-nodez). This was the break through
against the degradation of the energy confinement time with
power. And it enlarged the possibility in achieving the ignition
plasma in future devices. At the same time it has cast the
physics picture that the plasma surface has the generic nature
that the multiple states are allowed for given external condi-
tions, that the spatial structure (typical gradient length) can
be free from the minor radius and that it has a rapid time scale
for the transition. It thus enriched the physics of the confined
plaspas, Efforts have also been made to podel these phenagmena in
the frawe work of the fluid picture of the plasma, and are

illustrated in the following

(4.2) Bif . ¢ Radial ic Field i R .

After the finding of the H-mode., a wodel was first proposed
that the transport barrier would be made in the SOL37) due to the
electric field along the field line. The experimental study
clarified that the barrier exists inside of the plasma surface
This model turns out incomplete, but pointed out the possible
important role of the electric field on the transport in the edge
plaspa.

A possible mechanism of the bifurcation of the perpendicular

transport was proposed by taking into account the effect of the
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loss cone34). The basic physics picture was that the gradient-
flux relation should have the form in Fig.5 to explain the
sequence of the transition (i.e., very rapid reduction of the
outflux at transition followed by the establishmeni of the
pedestal in the profile) and that this is possible at edge (not
characterized by the separatrix). This model in Fig.5 can be
constructed by introducing a2 'hidden variable’ E.. The 'edge
phenomena’ indicates that (1) the gradient a/8r is no longer
limited to the order of 1/a but can be order of 1/Ca-r) [i.e.,
0Ct/e,) for (a-r) ~ Py Pp being the ion poloidal gyroradius),
and that the process such as loss cone can affect the global
transport.

To quantify the model, it is necessary to study the nature
of the viscosity term in the basic equation, ¥e write the

Poisson Equation combining with the equation of motion as
eqe 9B /8t = -e(l ., - Tyy - Iy} (20)

where e 1is the perpendicular dielectric constant, rre is the
bipolar component of electron flux, T.; is that of ion flux, and
T)c is the loss cone current of ions. These terms are neglected
in assuming 0/p by the unit temsor. The stationary solution is
obtained by solving rre=rri+rlc‘ The teran e has the dependence

on E_ as

r

NP MU E 0'5exP(-EX2) 21)

rlc pri¥i
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where u; is the ion collision freguency. e=a/R, & indicates the

effect of erbit squeezing due to the inhomogeneity of Eraﬂ), and
X=eErpp/l

(X is equal to the so called poloidal Mach number va/VTin if
Vp=Er/Bt.) This shows that the loss flux can reduce if E. is
large enough

Figure 6(a) illustrates the case study that rre is proportional
to (»n'/n+eEr/Te) such as the ripple diffusion, as

Tie = -Dgnln’/nteE /Tyl

and [, is neglected. The jump of T is predicted at the critical

gradient
A= ppn’/n Ay (22)

and A, is O(I) as is shown in Fig.6(b), This example shows that
the singularity of the transport property I'{V¥n) can be explained
by using a continuous function of T[E_ ].

The extension of the model is possible by considering
Friag). The bulk viscosity generates the force on ions in the
poloidal direction as

- 2
Foonvommgnjue®f Y,
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where the function f(X) 1538, 40D

) =~ 1 (for |XJ¢<1)

and behaves in the large |X| limit like
£(X) = exp(-%2) (plateau regime)
£(X) « ¥°% (Pfirsch-Schluter regime)

Taking this form of Fp, [;. was calculated. Figure 6(c)
illustrates the balance of Tyc = "Tryir confirming that the
bifurcation can occur at the particular value of the edge
gradient. A, ~ 0()) and that the edge plasma can have bistable
states for a given condition39). Variety of the bifurcation is
also predicied. fhen the electron term T, is negligible, the
transition occurs to the more negative E.. and that to the mode
positive E. takes place if Tre is important., Other candidates
such as the VVY term or the turbulence driven flux are also
studiedil 42,

Combining the theory that the radial inhomogeneity of E (or
Vp) can stabilize the microscopic instabilities, the structure of
the established electric field (flow velocity) are considered to
suppress the microinstabilities and associated anomalous
transport. The reduction of the anomalous transport further
improves the confinement inside of the transport barrier, Figure

7 illustrates the present ‘'standard model’' for the transiticn
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phenomena at edge., though many part of the elements are still

qualitative yet.

(4.3) Observation of the Structure of E . and ¥V,

The proposal of the electric bifurcation34) was tested by
experizents. D-T1I1 D¥%) and JFT-2u%8) confirmed the establish-
ment of the radial electric field. Also observed is that the
transition can be excited by the radial current driven by the
probe and external circuit43). The layer width is of the order
of PPSG). Experiments by the electrode have confirmed the
nonlinear response of the radial current to Er44x

These observations seem to confirm the basic physics model
of the electric bifurcation. However, there still remain the
nystery, Figure 8 shows the gradients near edge of the JFT-2M
plasma. Peaks of V]Erl, VT and Vn seem to exist at different
positions. It looks that future progress of the theory is

necessary to understand the internal structure of the transport

barrier.

1£-5 Lo 0scillati g

Various types of ELMs are known in experimentsz'gsx

Some is
correlated with the critical gradient of edge pressure against

the ballooning mode, and some is not. 1n former case, the good
confinement is considered to allow the edge gradient to achieve
the limit imposed from the MHD stability. Small and continuous
ELMs ('grassy ELMs’ ) needs different nodelling

The bifurcation model predicts a self-sustaining oscillation



under the constant flux from the core45)4 The hysteresis betwecn
¥n and [ can generates the oscillation ('limit cycle solution’).
The dynamical equation (20) is solved with Eq. (1) and the model
equation T[X,¥n]. Simplified model equation can be formulated in

the form of the Gintsburg-Landau Equation as
an/at = (3/ax)D(X)an/ax, (23-1D
val/at = -N(X, a,n) + naly/x? (23-2)

where D is the effective diffusivity, x=a-r, v is the smallness
parameter of the order of (pi/pp)z, # is the shear viscosity, and
N represents the current e[T; +T ;-T .1 which has the
nonlinearity and depends on both Er and Vn. Introduction of the
shear viscosity allows us to study the radial structure of the
barrier. The transition may occur on one magnetic surface. The
velocity Vp and field B cannot be discontinuous, and the
transition on a magnetic surface propagates to different magnetic

surface by the ion viscosity. [Note that normalizatiun is used as
x/ppax, D/Dy-D, B/Dg-u, t/(ppleO)at

(Dy being the typical diffusivity in the L-phase.)]

A sioplified model was studied where N(X,A,n) is given
N(X.g) (g=r/vy) and N(%,g) is modeled by the cubic equation as
in Fig.9Ca). It is shown that the set equation (22) predicts the

self-sustaining oscillation for a fixed value of the flux from
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core. This oscillation (limit cycle solution) is possible in a
linited area in the parameter space, Otherwise, either the high-
confinement state (H) or low confinement state (L) is allowed
Figure 9(b) and (¢) illustrate the oscillatory solution of the
out flux, and the radial profile of the effective diffusivity in
H and L phases.

In the time-phase of good confinement, the spatial structure
shows that fhe reduction of D extends from the surface to the
layer, the characteristic width of which is given /F73Pp. The
diffusion Prandtl number has an important role in determining the
thickness of the transport barrier. Since the value of D(x)
takes the intermediate values of D in L- and H- branches of
Fig.9(a). this layer is also called as the mesophase of the two
states.

These results also illustrates the importance of the

viscosity in the dynamics and structure of the edge plasmas,

-39 —



[¥] Suamary and Future Problems

In this article, we briefly survey the applications of the
MHD theory for the understanding of the edge plasma physics. It
is known that the edge phenomena is strongly geometry-dependent
and contains various time scales. From this point of view, the
MHD equation is a suitable tool for modelling the phenomena in
the edge plasmas. It was successfully applied to study the two-
dimensional profile of the plasma, the behaviour of impurities,
and the stability amalysis. Recent efforts are to extend the
applicable area by investigating the role of the radial electric
field and the ion viscosity

Fe here also stressed that the MHD eguations are not closed
by themselves, and need some closure model. It is illustrated in
§IV that the study on the viscosity tensor can largely extend the
area of the application. Many results are shown here to he
dependent on the choice of the anomalous transport coefficient.
Experimental studies on % in the SolL are in progress as is
reviewed in Ref. (3], and the improvement of our knowledge can be
expected. At the same time, the research in this direction must
be enforced.

The influence of the atomic processes are also examined in
the MHD analysis by proper choice of the models on the radiation
loss, particle source, CX loss and so on. A successful example
is seen in the model of ELMs and detachment, and hence gave an
insight for the density limit disruption. The analysis has also
shown that not only the static radiation structure (NARFE) but

also the oscillation nature of the radiationls). Further
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analysis would be required for research in this direction with
refined nodels for the impurity response

One particular example is the problems in the braided
pagnetic field, The separatrix configuration is vulnerable to
the braiding due to the error field or to the instability. The
destruction of the flux surface is sometimes introduced
artificially in order to control edge plasmas. The braiding at
one hand causes homogeneity, but at the same time gives rise to
the new structure

The MHD stability analysis has made progress, and the
deteresination for the stability limit is now a well-defined
problem in a realistic geometry and plasma profiles. There are
however, several problems associated with the MHD instability
near edge. Largest one is the problem of the trigger. Bursts of
magnetic perturbation are observed, suggesting that the dramatic
change of the growth rate. TFigure 10 is an example form PBX-N
where a sudden growth of the fluctuations within the time of the
order of lousecqe). The rate of the change of T, ar/at, can be
estimated by (ar/ag’ )(ag’/at). The typical time for the change
of g8 is required to get a large value of v after the parameter 8’
reaches the critical value for instability. This time period
seems too slow compared to the rise time of bursts. A pethod to
model the trigger problem was proposed in {47]. Another problenm
is the prediction of the stability boundary in the presence of
the plasma dissipation, which dramatically reduce the critical
value. Usual argument is that the dissipative mode only enhance

the anomalous transport but the ideal mode really limits the
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beta. This kind of hypothesis must be cxamined more carefully.

The quantitative improvement of the modelling of the
viscosity and the radial currents is also necessary. It is worth
to extend to the level that the quantitative prediction of Er is
possible. Some of the elements re'i has been confirmed by
experiments. Figure 11 is the data froom TEXTOR on the radial
current due to the bulk viscosity44). Many further improvement
of confinement have been proposed based on the electric
bifurcation pmodel. The verification of the model is surely an
important issue. The study on the time-dependent problems has
shown that the fruitful results are expected from the WHD
approach

The research on the electric field and viscosity is also
inevitable in promoting the research of the impurity-related
problems. For instance, the thermal instability critically
depends on the parameter (HI/nI)/(fe/Te). Recently, careful
experipental study on the impurity transport was made on
ASDEX4B), and it was found that the anomalous transport affects
considerably the impurity flux. It is also known that the
difference of wall material can lead the dramatic difference of
the plasma response. Examples are found in the super H-mode for
Boronized wall (D-III D), change of the current quench time at
disruption between carbonized wall and Beryllium wall, so on
Intensive research is required in future.

It is also noted that the study on the edge barrier is the
probles of the self-generating structure across the field, It is

well known that there is a self-generating structure along the
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field Jine. such as the double layer. the width of which is
independent of the system size. The barrier of the H-mode would
be the first example that the cross-field gradient is free from
the system size and reaches its new charactleristic length. (The
bifurcaticn model predicts the length scale with /;7ﬁpp.) It nay
reveal the generic nature of the confined plasma and have a
future impact to wider area of the physics

These studies mway lead to the understanding of the more
nysterious nature of the plasma. For instance, the core plasma
profile can be peaked when the edge neutral density changes
through affecting the radial electric field profi]e49) (model of
IOC4)). The interaction between the core and edge plasma has not
been clarified enough

%We here have few room to show how the understandipg of the
edge plasma confinement is used to control it. One exawple is
seen in the analysis of the divertor biasSO'SI). The other is
the excitation of the H-mode transition by the ion beamSZ). or
the sustenance of grassy ELMs by external oscillationSSS)‘ The
control of the edge plasma, e.g., for the good energy
confinement, efficient pumping, suppression of impurities, or
tolerating the heat load, are urgent tasks, The proper
nodelling of edge plasma is inevitable for it, and the MWHD

analysis will still be very useful in the research in this

direction.
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Figure captions

Fig.1 Example of the edge plasma region {model of JFT-2MN
plasma). Thick dashed line denotes the separatrix magnetic
surface, in which the magnetic surfaces (shown by thin
dotted lines) are nested and closed. Out of the separatrix
fieid lines are connected to the divertor region or the
wall, Heshoes in the poloidal directicn are given for the
two diRensionul computaticns.  Flux surfaces of the core

pilasae are noet drawn,

Fig 2 Exazgies of the plasca and neutral profiles in the Sol
cedtun. Frofiics of Ty 2,, ny, and D, are given. (Nodel
! JFT 2M plasma, the ion VB direction is into the X-point,

the tats i1 ) " - -0.5 =
the total fluxes from core are P, ., -0.5¥W and T,

&xlOZI/sec. respectively. ) (Quoted from Ref.[16].)

Fig. ¢ Stab:lity instability boundary for the ideal MHD mode
in the s « plane. (Quoted from Rel.(211.)
Fig. 4 Stability instability boundary in the s-a plane for the

resistive plasma (a). The effect of the Shafranov shift (Bp
=Bp0/(l<Acose)) is taken into account, which stabilizes the
resistive mode in the second stability region, The finite
resistivity extends the unstable region to low beta region.
[There is a narrow stable region near «=0 in case 6 is

not zero.] (Quoted from Sykes et al., [22].)
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Example of the growth rate is shown in (b) in the
presence of magnetic well. The critical beta-limit for
the resistive instability is smaller than the prediction of
ideal MHD theory. The case of 3:104 is shown. {Quoted from

Strauss, [221.)

Fig.5 Schematic model relation of the gradient (¥yn, V¥T) and
flux (I, g) for the edge plasma. in order to explain tue
rapid change of the energy loss at the onset of H-mode
transition (a). Singularities appear at particular values
of the gradient. The gradient-flux relation for the case of

the slow transition is shown in (b) for the reference.

Fig. 6 Balance of the loss cone lcss rlc and electron loss rre
determines the radial electric field X=e°pEr/Ti (a). For
the case of A (spall A=ppn'/n), one large-flux solution is
allowed. Multiple solutions are possible for the medium A
case (B and C), and the one small-flux solution is allowed
for large value of a (D). The resultant flux, as a function
of A, is shown in (b). ‘'he characteristic response in Fig.5
is recovered. When the electron loss term I'., is
negligible, the ion viscosity-driven flux rri and rlc
determine the radial electric field (¢). The function TI{a)

shows the similar response as in (b).

Fig.17 Schematic diagram between the radial electric field/

rotation, the radial current, anomalous transport, and
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plasma fluxes

Fig. 8 Profile of the gradients of the radial electric field
(a). temperature (b), and density (c) for the H- and L-mode
in the JFT-2M plaspa. Solid lines indicate the result in

the H-pode, and dashed lines are for the L-mode

Fig.9 Kodel of the effective diffusivity D (D=-T/Vn) as a
function of the gradient parameter g=a/v; (a). Transition
occurs at points 4 and B'. Two branches, H and L, are shown
The intermediate branch (between 4 and B’ ) are the
thermodynramically unstable branch. The predicted
oscillation, for given constant flux from core, is shown in
(b). The radial shape of D at the two time slices (high-

and low-confinement states) are shown in (c¢).

Fig. 10 Burst of the magnetic fluctuation was observed prior to
the giant ELM in the PBX-M. This burst of fluctuation
precedes to the occurrence of the EL¥. The rise time of the

fluctuation is of the order of 10ssec. (Quoted from [46].)

Fig. 11 Radial current driven by the bulk viscosity was studied

in TEXTOR. (Quoted from [441.)
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