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Abstract 

A survey is made on the problems of the edge plasmas, to 

which the analyses based on the UHD theory have been successfully 

applied. Also discussed are the efforts to extend the model 

equation to more general (and iiportant as well) problems such as 

H-node physics. 

An overview is first nade on the advantages of the UHD 

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 node, ballooning mode, interchange 

mode, resistive interchange mode and thermal 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 developed. Analysis on 

the self-generating oscillation is shown and the relation with 

ELUs is discussed. 

After reviewing these problems, several comments are nade to 

what directions the study can be deepened. 
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Abslracl 

A survey is made 00 the problems of the edge plasmas， to 

which the analyses based on the WHD theory have been successfully 

applied. Also discussed are the efforts to extend the .odel 

eqUatioD to more general (and important as well) problems such as 

H-mode physics. 

An overview is first made 00 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 00 the 

stationary structure. both analytical and numerical. are 

reviewed: Typical example as well as the scaling law are sbown 

The instabilities associated with edge plasma is next 

reviewed. The surface kink mode. ballooning mode. interchange 

.ode. resistive interchange mode and thermal 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 a150 discussed 

The analysis of the H-mode transition physics is finally 

discussed. The boundary plas田ais 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 developed. Analysis on 

the self-generating oscillation is shown and the relation with 

ELWs is discussed 

After revie.ing these problems. several comments are made to 

what directions the study can be deepened 
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Part A A REVIRI QH APPLICATION OF HUD THEORY 
TO PLASMA BOUNDARY PROBLEMS IN T O U M A I S 

Kinitaka Itoh 
National Institute for Fusion Science. Nagoya 464-01, Japan 

[ I ] Introduction 
The important roles of the edge plasna have been widely recognized 

both on the plasna confinenent research and the design study of fusion 
reactors. The basic physics approach was conpiled in Ref.tl], Recent 
experinental findings, such as the H-node 2', had a large inpact in the 
progress in this field, as is reviewed in [3]. One of the keys is the 
sensitivity of the plasna response to the change of the plasna position, 
such as the plasna-wall distance or the directions of the ion VB drift and 
X - point location 2 , 1 1'. It is necessary to find out the key paraneter which 
characterizes the spatial structure in iodelling the edge plasna phenone-
na. The iipact of the plasna properties on the design of future large 
devices is also well known. For instance, the estination of the heat 
localization width and its dynanic change Csuch as in the large EL II5 (edge 
localized lodes)) are critical issues. 

In the study of these problens. the analysis based on the nagneto-
hydroc'-r.aiic (HUD) equation has been perforned. This equation has the 
advantage that phenonena of various tine scales, frow the Alfven transit 
tine to transport tine, can be treated and that the plasna configuration 
is easily taken into account. In this article, we present a brief survey 
on the problens in edge plasmas, for which the analysis based on the fluid 
equations are successfully applied. We also discuss the efforts tc extend 
the nodel equation to investigate nore general and important problens such 
as H-node physics. Be finally discuss the future possible investigations. 

[II] Structure of Edge Plasias 
The plasna and geonetry of our analysis 

are shown in fig.1. The thick dotted line 
indicates the separatrix. The definition of 
the 'edge plasna' has not been nade uniquely 
le here consider that the edge plasnas are 
consist of the plasma (I) outside of the 
outcrnost nagnetic surface (i.e.. scrape off 
layer) and some inside of the separatrix. 
i.e.. in the region (2) where the lnhoioge-
ncity along the field line is appreciable or 
(3) in which the radial gradient length 
depends »eak 1 y rn the ninor radius. 
(Po'oidal nesh is for 2-D calculation.) 
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localized・odes)) are critical issucs 
In thc study of lhcse problells. the analysis based on the lIagncto 

hydroclぜ心allic OIIlD) equalion has been perfor・ed. This equation has the 
advantage that phenollena of variou5 1ille scales. fro・theAlfven lransit 
liDe 10 transporl tillle， can be trealed and thal the plasII3 configuratiηn 

15 ea5ily laken into account. In this article， we present a brief survey 

on the problells in edge plas!¥las， for 1IIIhich lhe analysis based on the fluid 

equations are successfully applied. '/ie also discuss the efforts Lo extend 

the Ilodel equatlon toュnvestigate 1I0re general and i・portant proble固ssuch 
" H 薗ode physics. lie final1y discuss the future possible investigations 

[11] Structure of Edge Plas.as 

The plasllla and geODetry of our analysis 

are shown in f'i&.I. The thick dolted llne 

indicates the separatri毘 Thedefinition of 

the . edge plaslDa' has oot been lIade uniquely 

ie here considcr that the edge plas田asare 

consist of thc rlaslIla (1) outsidc of the 

outcrllQS t園agnetic surface (i.e.， scrape off 

layer) and SOIllC inside 01' the separatrix. 

i. e.， 1n the rcg i CIl (2) 宙here t he 1 nho国oge-

nClty along the ficl:i linc is apprcclablc or 

(3) 1n・h，ιh thc radial g~adicnt lcnglh 
depends 喰eakly 吋 n thc 固inor rad 1 iJS 

<poloidal !lesh IS f0f 2-D ιa lcu 1 a t 1 on. ) 
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The basic equations, i.e.. the continuity equations of the 
density, the momentum and the energy, are given in literatures a s b J 

sp/at + V ( P ? ) - s n Ci-i) 

pdV/dt - - 7-D t R + F + S n Cl-2) 

3(pE s)/at + V - C E S ¥ ) • -I1:V? + (K+F)-V - V-q + S £ (1-3) 

p is the mass density, E . is the internal energy per unit lass, t is the 
externa 1 force, and other notations are standard. The HHD equations are 
not closed by thenselves. and we need to specify the closure such as the 
equation of state, the stress tensor II, and the transport coefficient, and 
the nodel of the sources ( S p , S , SrO. 

The connon choice of the closure is that the parallel transport is 
classical, and only the diagonal part of the stress tensor, eleient of 
which is p*nT, is kept. The frictional force K is calculated by Spitzer 
col lis ion frequency. The classical values are used for the plasaa resis-
tivity i and parallel thernal conductivity. The electron energy flux q g i 
given by q u

e + q-j.e, and that for ion is given by q^ 1. where 

q u - -0.7lT ei/e t ( 3 T e u e / 2 e n B ) b x j , 

q T - -KpfyT • K ^ T +<5nT/2eB)bxVT. 

v g is the electron collision frequency, Cle is the electron cyclotron 
frequency, b=B/B and c=ni. The perpendicular transport coefficients are 
considered to be anomalous, and the prescribed form is employed. 

The particle source can be calculated once the neutral density is 
given. This tern depends on the geonetry strongly. The connection with 
the conputation on ic u t r a 1 dynamics is discussed in [6 ]. 

The boundary conditions at the p 1 assa - raterial interface are 
given'' in the f o m of the Bohm sheath criterion and energy transmission 
coefficient re j. The current across the plasna-wall interface is often 
assumed to be zero. The extension to the case where the current flows 
across tlie wall (e.g., the divertor biasing) is also possible. 

The plasma distribution along the field line in the scrape-
off layer is first studied. Bhen the plasma thickness is paraneterized by 
i. the parallel energy conduction equation along the field line g i v e s 8 ' 

T U ) 3 - 5 - T d i v
3 ' 5 + 7q^l/2t 0, q„« B t P 0 U t / B p 2 n f i R . (2) 

where I is the distance along the field line from the divertor plate, K „ -
I T Q T 2 ' 0 . P Q l l t is the total energy outflux lo SoL. a and R are the minor and 
major radius, and the energy deposition in the SoL plasma is neglected for 
the simplicity. Though very siuplified. this equation reveals essential 

The basic equations. i.e.. the continuity equations of the 
5) dens i 1y， the 固O固entu ・andthe energy. are given in literatures as 

itp/ at t V・(ρY) • Sn (1 -1 ) 

ρdV/dt"-VootRtftSII (1-2) 

a(ρEs)/ at t V， CEs ，)・-1l，V曹+ (R+F).y -V.q + S， (I・3)

P is the lIass density， Es is the inlernal energy per unit ・ass，， is the 
e:.:teroal force. and other notations are standard， The KHD equations are 

oot closed by the・selves. and we need to specify the closure such as the 
eql¥ation of slate， the stress tensor II. and the transport coefficient. and 

the lIode 1 of lhe sources (Sp' 811， SE) 

The COII闘00choice of the closure is that the parallel traosport is 

classical. and ooly the diagonal part of the stress tensor. ele.ent of 

which is p"'nT. is kept. The frictional force H is C'alculated by Spitzer 

collision frequency， The classical values are used for the plaslla resis-

t i v i tyηand parallel therllal conductivity. The eleclron energy flux qe is 

given by que t qTe， and thal for ioo is given by qT1， where 

qu 主 O.71Tej/et (3Teue/2eOe)bxj， 

qT 宮 -~I! VilT - t:1V1 T t(5nT/2eB)bxVT 

lIe is the eleclron collision frequency， Oe is lhe electron cyclotron 

fC'cquency. b~B/B and /i:' ~nl ， The perpendicular transport coefficien1s are 

considered to be anomalous. and the prescribed forll is ellployed 

Thc particlc source can be calculated once the neutral deosity is 

g i ven. Th i s ter圃 depends ('In the geometry strongly. The connection with 

thc cOlllputation on r:.:utral dynamics is discussed in [6] 

The boundary condilions al Lhe plasma'uterial inlerface are 

givcn7) in lhe forll of the Bohll sheath criterion and energy transllission 

coefficienL Tn ; ， The current across the plas ・a-wall i::terface is often ，.， 
at;suncd lo bc zero， The extension to the case where the currest flows 

across thc wall (e.g.， the divertor biaslflg) is also possible 

Thc plasma distribution along the field line in the scrape-

off layer is firsL studied， Ihen the plas皿athickness is parueterized by 
8) 

d.. the pural1el energy conduction equaLion along the field lioe gives 
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..here l is thc disLancc along the field line froll the divertor plate. 11:1/-

II:OT
2
， rout is the to1al energy outrlux 10 SoL. a and R are the lIinor and 

major radius. and the encrgy deposition in the SoL plaslla is neglected for 

the slllplicity. Though very sillplified， this eQuation reveals essential 



characters of the SoL plasna. 
The Bohn sheath criterion gives the p lasta parameter in front of the 

divertor as 

- P n„t/GT|r and n, r o u t t l o u t / iHTTCB./B-ZiTARXGr l t ) out' 1/2/ 

•here T t = T e + T i . G is the enhancement factor of the particle flux in S O L 
plasia and T , is the particle flux out of the main plasta. T J and DJ 
are essential in evaluating the performance of the divertor. 

The parameter A is determined by the cross field energy transport. 
Solving the equation «j_VJ • -q x ( » P o u t / 4 n z a R ) , the estimation of 
L is obtained in [9]. If the cross field transport is given by the Bohn 
like diffusion, i x « T/eB, ve h a v e 1 0 5 

A/a - 5 C a C L B t / t 0 a B p ) * ' l l ( R / P o u t ) C8) 

•here L is the distance between midplane and divertor along the field 
line and K, -*,T. The heat flux channel becomes narrower as the power 

1 increases. It is also shown that t does not scale to a 1 . (For instance. 
if P out -v a

J, then A - „6/ll . ) 
The drift heat ilux (VTxb term in q<jO can also affect the heat chan 

. i n This term depends on the direction of B, and can be taken into 
account in Eq.(3) by modifying K_. 

The numerical analysis has been performed in crder to obtain the two 
dimensional structure of the SoL plasma"'' * . 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 
plasna is established, and the neutral particles are localized neaiby. 

Fig.2 Examples of the 2-D simulation in the Sol, region. Profiles of 
T e . n i ( n 0 are given. (liodel of JF'I 2M plasma, the ion VB drift is 
in the direction of the X point, the total fluxes from core are P 
• 0 . 5 m and r o u t -5x1 0^ ' /sec. respectively.) ut 

characlers of the SoL plas田a

The Bohll sheath criterioo gives the plaSlla paralleter io front of the 

di vertor as 

Td・Pout/Grtroutand nd・必ずt(B t/Bp2I1'AR)(Gr out )3/2/~目

..here Tt ='1e+Ti・Gis the enhancellent factor of the particle flux in SOI.. 

plas ・aand rout is the particle flux out of the lIain PlaSII8. Td and Dd 
are essentia! in evaluating the perfcr.ance of the divertor 

The parueter A i8 deter・inedby the cross field energy transport 
Solvin8 the eQ'uation 1::1 V1T - "Q'J. C"'Pout/4n

2aR). the esti.ation of 

A is oblained in (9]. If the cross field transport is given by the Bohll" 
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..bere L is tbe distance between ・idplaneand divertor along the field 
line and ~江-l:: aT. The heat flux channel beco・esnarrower as the po・.r
increases. It is also sho・nthat A does noL scale to a1. CFor instance. 
if P
out 
..... a3， then A、.5/11_) 
The drift t:eat ilux (VTxb ter. in qT) can also affect the heat chan 

ne111). This ter. dep~nds on the direcUon of B. and can be taken into 
account in Eq. (3) by 1I0difying I::a 
The nUIlp.rical anahsis has been perfor圃edin crder to obtain the t'lO 

6. 12 -16) dillensional structure of the Sol. plasllau" "， lUJ. These calculations can 

also deter・inethe neutral particle profi le. and hence the paralleter G 
Ex.・pleis sho曹oio Fig.2. It is 8h01ln that the dense and cold diverlor 
plasma is established. and the neutral particles are localized nea; ~y 
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Though the 2-D conputations can now be fluently done, scaling study 
is desirable to havg a fast grasp of the phenomena. The scaling study has 
been perfoned by using the 2-dinensional numerical code (assuning the 
Bohi diffusion coefficient) to g i v e 1 5 ^ 

"d 

n b * r o u t P o u t 

IT * r n u t

u - * ? n 

Te,d ~ P o u t r o u t • 

-0.24 P 0.15 

(4-1) 

(4-2) 

(4-3) 

where JtT and i n are the scale lengths of the radial gradients, T/T' and 
n/n' C'ad/dr), at the aidplane, respectively 
the analytic result is a good estiiate. If we eliminate r, 
2). we have T„ ,,-vP 

This result confirns that 

out froi Eq.(4-
e, b Equations (2) and (3) give T b <\- T b

4 / l l n b 

' . le see that the plasia structure is well understood, and what is 
eally necessary is the understanding of the cross field transport. 

Extension to the iipure plssias has also been performed' H14.163 

[III] Stability of Edge P U s i a s 
HHD equation is lost successfully applied to the study on' 

the plasia stability. The strong shear associated with the separatrix and 
the poloidal location of the ff - point are critical for the study on the 
stability beta limit. 

The average magneti c curvature at edge of the tokamak pi asaa is 
favourable (except the case where the X-point is outside of the tcrus). 
The unstable node lay be localised in the outside of the torus (where the 
local bad curvature exists). The wave length along the filed line is 
long, i.e., ftp- b*V =• 1/a but the one across the filed line is short, 
8/3B>>l/a. For the perturbation *(r, 8, t), the ballooning transfonat ion 
was introduced as 1 7 ^ *(r, 6, i)-Eexp(*inQfnt) \ mdi+(x)exp{i(m-nq(r))xl. 
where q(r) is the safety factor and m and n are the poloidal and toroidal 
node numbers, respectively. (Note x is the coordinate, not taerial con-
ductivity. le here follow the notation of Ref.[18].) The Euler equation 
for high-n lode is given in a fori of the ordinary differential equation. 

Analytic foriula for ideal IIHD node was obtained in the high aspect 
ratio limit of the circular plasia. The Euler equation is characterized 
by the three parameters, i.e.. s-rq'/q (local shear), a- -2Rq 2B"'V' (local 
pressure gradient) and 6-(l-q" 2)r/R (average well). The Euler equation is 
siiplified as ( 3/ ax)C 1 +1 2 ] a*/ax+ {ot(cost- Isinx)- 5- r 2( I +I 2>}» • 0. I- sx-
ccsini, and T is the growth rate. The instabili ty condi t ion for '">* s case 
is given as 3/4[ a 2 • /a 4/2-32ct&/9 ] < s < 3/4 [ a 2t/a 4/2 - 32a6/9 ], showing that 
the ballooning node is stable for «<0. 8/s and DC>2, 2/7 (the second stabili­
ty). Figure 3 illustrates the stability 
(a) as a function of the shear. 
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[III] Stability oC Bdle Plas.as 

KHD equation 18 ・ostsuccessfullY applied to the study on 
the plasu stability. The strong shear associated with the separatrix and 

the poloidal location of tbe X-paint are crHical 10r the stud:t on the 

slability beta ~illit 

The average lIagnetic curvature at edge of the tokallak plaslla i8 

favourable (except the case where the X-point i5 outside of the tcrus) 

The unstable lIode ・aybe local i~ed in the outside of the toru8 (・herethe 
local had curvature exists)， The ・ave length along t1le fi1ed line i8 
lon8目1.e.， kf，・ b'V""l/a buL the one across the filed line i8 short. 
ーlaD>)I/a， For the perturhat且onφ(r，Q，正)， the bal100ning transfor・ation 
was inlroduced as 17) φ(r. e，と〕・texp(・illOtnυJ-dl~(l)exp!i(司同 (r))11. 
where q(r) i8 the safety factor and 11 and n are the poloidal and toroidal ・odanll.ber8， respectively. (Note x is the coordinate， not t1Jer・a1con-
ductivity. Ie here follo・tbenotation of Ref. [18J.) The Eulet equation 
for bigh-n ・odei8 oiven in a for・ofthe ordinary differential equation 
Analytic for・ulafor ideal WHD lIode was obtained in the bigh aspect 

ra t io 1 i圃itof the circular plaSlla. The Euler equatios i5 characterized 

by the three paralleter5， i. e.， 5 ・rq'!q (Iocal shear)， a--2Rq2a-2y' Oocal 
pressure gradient) and 6・(I-q-2)r/R(average ・e}1). The Euler equation is 
"・plifiedas (a/ax)(ltl2]a~/a'Xt {α(coS 'l -Isillx)- .s -r2 (1+I 2 )) Io" O. 1. S'l 
α5inl. and T is the growth rate. The instability condition fo. ・吋・ s case 

is oiven as 3/4[0:2.;;4，12-五百五J( s ( 3/4[ a2tぷ可τ五五/9]， showi叫 that 
the ballooning lIode is stable for α<0.815' and 1X>2. 215 (the second stabili 

ty). f'igure 3 illustrates the stability li町it for the pressure gradient 

(α) as a funct ion of the shear 



3 tins table reg ion for 
n ballooning node on the 
plane (hatched r e g i o n ) . 
Dashed line indicates th 
ideal stability U n i t . 
Shafranov shift is taken 
account. B D = B 0 / ( 1 - A c o s 8 
and A-0.1. The finite r 
tivity widens the unstab 
region to low beta reg 
Quoted fron Sykec et a ?9) 

In the edge plasnas, the plasna resistivity n is snail but finite. 
The dissipation process can destabilize the node for the regiiie where 
ideal IfIID node is predicted to be stable. The effect of the resistivity 
has been studied in d e t a i l 1 8 ' 1 9 - ' . For the f ini te - resist ivi ty plasna. 
Eu 1 er equation is reforeed, and is characterized by the four parameters, 
s, a. 6 and S. where S is the nagnetic Raynolds nunber, S= v . (i,,a'V')?. For 
the case of the strong ballooning licit ( |sx |<<1 ), the growth rate T is 
dcternined by (growth rate T is nornalized to v*/R) 

( k 0
f i / 2 S ) ( a - 6 ) C5) 

where Tj is the growth rate in the ideal UHD limit. T; - a--Jail - 6. It is 
shown that, in the absence of well (fi-»0). the node is unstable for all 
value of a, i.e.. the stability beta limit is zero (see F i g . 3 ) . The node 
growth rate is given as 

T -v ( a k / / 2 S ) 1 

T r 
In the presence of the nagnetic well, the critical beta for stability 
appear below the ideal UHD stability linit. An estinate for stability 
fron Eq.(5) is given by a<6. 

The conparison study of the occurrence of the 'Type-I' E L M s ^ ) cor­
responds to the stability boundary for the ideal UHD instability, suggest­
ing the inportance of this kind of instability. However, the catastrophic 
nature, such that the sudden growth of the node with n-vlO acts as the 
precursor of Giant ELUs , is not understood. 

Atonic process is also the characteristic to the edge plasna, and 
affect ihe edge stability trenendously. 

Global instabilities are known such as U A R F E 2 2 ^ and detachment. The 
radiation loss is nodelled as Sg - - n n i L ( T ) . where n t is the 
inpurity density. Models on L(T f i) and the dynanic response of n. with 

匡三三三二 ¥¥^.oI 
仁三三才¥デ、¥ベご¥¥¥

ヌ「

Fig.3 Unstab1e region for hlgh 
n ballooning lIode on the 5 α 
plalJe Chatched region) 
Oashed 1ine indicates the 
ideal staoility 1illit 
Shafranov 5hi ft is laken 1 n to 
account.. Bp~!pO/~~ -~~OS8) 
and 酋̂0.1....Tfio finite reS1S 
tivity widens the unst.able 
region to 10... bela regiol;l 。 19) uoted fro目 Syker:e t a1. I 
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respect lo the perturbation are necessary to quail t i fy the growth rate. 
The latter is usually denotes by the parameter *" - (fig/i^ffi ( /n l )(T/f). 
Asymmetric thermal instability (o-!/n=0. i.e., HARFE) can grow if 2 f 2 2 > 

n i [ a L / 3 T + 6 L / T ] > (xJCa- r f a ) 2 t i v / q 2 R 2 I. and fciijL/T > X ( / q 
2 P2 

where [r^.a] is the region of the analysis, where 3L/3T is negative and 
large. If the latter condition of (6) does not hold, the poloidally sym-
•etric node (i.e., detachment) starts to grow. This picture is often 
referred to as an origin of the density U n i t . The lighter inpurities 
(for which 3L/3T<0 for the lower plasma tenperature) leads to the MARFE 
while the heavier one to the detachnent (and then disrupt ion): These 
predictions are consistent with experiuents. 

The microscopic mode is also affected by atomic process. For ins -
lance. if the neutral density nn is constant, then the density fluctuation 
IT gives the source of fluctuation S" =r fTsnnflXdf >. This posi i i ve feed back 

. 23) enhances the growth rate of drift-like waves by the amount of T
n - The 

neutral density itself contains the fluctuating component, and a relation 
S"n * Tntr is not always valid. Further analysis is required. 

The sharp gradient or the radial electric field (flow velocity shear) 
can also affect the stability of the edge plasma. The electric field 
gradient influences the stability t h r o u ° h m n H i F v i n & t*>o inn n r h i t ' " 
The effect was studied by MUD equations 

gh modifying the ion orbit' 
Stabilization is expected 

!V 
where r, is the linear groirth rate in the absence of E ' . Recent progress 
has shown that the mode amplitude is not necessarily reduced by the velo­
city shear, a.i^ the intensive study is under w a y 2 6 ' . The study in this 
direction was mclivatcd by the prediction of the radial electric field at 

n -] \ 98 2q 1 
the I. - and II 'mode transition^"" 7 and its confirmation by e x p e r i m e n t s * ^ 

[IV] Bifurcation Phenomena 
One of the most dramatic finding in recent plasma confinement experi­

ments was the il m o d e . It has shown the i;e auric nature of the edge 
plasm.i that the multiple slates are allcwi'ri fjr given external conditions, 
that the typical gradient length can be free from the minor radius, and 
that j t has a rapid time scale f J r the transition. Efforts have also been 
Hade to model these phenomena in the framework ot the fluid picture of the 
F 1 a s ai a. and are illustrated in the following. 

A possible mechanism of the bifurcation was proposed by taking into 
account the effect of the loss c o n e 2 . The basic physics picture *as 
that the gradient-flux relation should have the form, which is 
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predictions are consistenl ..ith eXperiDCnls 

The 皿lcroscoplC Ilode is also affccted by atollic process. For ins' 

tancc. if the neutral density nO 1S constant， then the density fluctuation 

庁 glves the source o( (luctuation S'n~γn"ョno it'<d' v>. This positjve feed back 

enhances the gro....th rate of drift'likc ..aves by the a町ount of T
n
23)， The 

n巴ulral density itself contains the fluctualing component. and a relalion 

S'n ~ Tnlr is not ah..ays valid. Further analysis i5 required 

The sharp gradHnt of the radial eleclric field Cflo曹 velocity shear) 

can also a[fect the stabilllY of the edgc pla5l1a. The electrュcfi e ld 
20 gradient influences the slability through 皿odlfying the ion orbit 

The cffccl was studied by WIID equations25). Stabilization is expected if 

!Er' k a/Bkr! '¥0 TL (7) 
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schena t ] cal ly drawn in Fig. -1. to ex­
plain the sequence of the transition and 
that this is possible at edge (not 
character ized by the separatrix). 

To quantify the nodel. it is neces­
sary to study the nature of the visco­
sity tern in the basic equation. Ie 
write the Poisson equation combining 
with the equation of notion as 

e n £ l a E r / a t - e t r r e • r r i - r l c ) (8) 

where £± is the perpendicular dielectric constant. r r e is the bipolar 
conponent of electron flux that of ion flux, and r, is the loss-
cone current of ions. [These terns are neglected in assuning DVp by the 
unit tensor.) The stationary solution is obtained by solving r r e - r r i + r j c . 
The tern F l c has the dependence on E f as r ^ c ^ p pn^u^s" U' bexp{-SIC") where 
i>i is the ion collision frequency. £-a/R, S indicates the effect of orbit 
squeezing due to the inhonogeneity of E r

3 0 \ and X-eE fp„/T. (X is equal to 
the poloidal Mach nunber V p B / v T i B p

 i f v
P

= B r / B f > T h i s S " 0 1 S t h a l the loss 
flux can reduce if E f is large enough. Figure 5(a) illustrates the case 
study that r_ e is proportional to (-n'/n+eE r/T e), and r p j is neglected. 

A 

fi.f. 

- i -• • \ \..\ 

A , • 

8 

8 

r 
i 

C 

Fig.5 Balance of loss cone loss ] 
and electron loss T delerninei 
the radial electric field X= 
ep E n i (a). For the r.. e of i 
(snail A = P n ' / n ) , one la.ge-flu) 
solution is allowed. Multiple 
solutions are possible for the 
nediun X case (B and C ) . and the 
one snail-flux solution is a l 1 o« 
for large value of A (D). The 
resultant flux as a function of 
is shown in (b). The character'! 
response in Fig.4 is recovered. 
then the electron loss tern r 
negligible, the ion viscosi .?• 
driven flux - r r j and r"|c (solid 
dashed iines. respectively) dele 
the radial electric field (cj. 
function T(A) shows the sinilar 
response as in (b). 

and 
r D i n (.• 

- 1 0 -

sche..atlcal1y drawn in FI& L lo cx今

plaln thc sequence of lhe lransition and 

lhat this is possible at edge (oot 

characterized by the separatrix) 

To quantify the 1I0del. it is neces 

sary to sludy the nature of the visco-

S1 ty terll in the basic equatioo. Ie 

write the Poisson equation co・bjnjns
・ilhlhe equation of 1I0tion as 

'0εlaErlat • e{fre -fri -f1c) 

lゲ:
マn，マτ

(8) 
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fig. 5 ~alance ~f lo~s c~ne lo~s r1c 
and eleclron l05s f_n delerllines 
the radial electric'iielr1 X= 
ep~E_/L (a). For the ~. e of A 
(s量a11 孟=ρ.n目 10)，one la白ge-flux 
solulion U allowed. Yultiple 
solulions are possible for the 
lIediulI A case (8 and C). and the 
one slIall-flux solution is allowed 
for lar8e va]ue of .¥ (D). 1hc 
resultanl flux as a function (Jfλ 
is shown in (b). The charactcristl{ 
response in Fig.4 i5 recovered 
Ihen the eleclron loss ter固 r__ ts rc negligible. lhe ion viscosi.y 
~riven ~Iux -fri and :lc. (~O~ld and 
dashed lups. respectively) detcrlllfl! 
the radial electric ficld (C). The 
function ro) shows the silli lar 
response as in (b) 
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The jump of r is predicted at the critical 

as is shown in Fig.5(b). This example shows that the singularity of the 
transport property T[Vn] can be explained by using a continuous funct ion 
of r[E_], 

q 1 1 The extension of the model is possible by considering r
r i • The 

bulk viscosity generates the force on ions in the poloidal direction as 
F -v - • i n i U : q 2 V p f ( X ) . The function f(X) is unity for |x"|<<1 and behaves 
like eip(-I') (plateau regime) or X ' 2 (Pfirsch-Schluter r e g i m e ) 3 1 • 3 2 J . 
Figure 5(c) illustrates the balance of T j c - " f ^ , confirning that the 
bifurcation can occur at the particular value of the edge gradient, A -V 
0(1). Variety of the bifurcation is predicted. fhen the electron term 
r is negligible, the transition occurs to the tore negative E f . and that 
to the lore positive E_ takes place if r._ is important. Other candidates 

ill such as the VVV t e n or the turbulence driven flux are also s t u d i e d 0 0 ' . 
The proposal of the electric b i f u r c a t i o n 2 7 ' was tested by experi­

ments. D-III D 2 8 3 and J F T - 2 M 2 9 ) c o n f i n e d the radial electric field. The 
transition can be excited by the radial current driven by the probe and 
external c i r c u i t 3 4 5 . The layer width is of the order of p p

2 9 3 . The 
nonlinear response of F_ to it is c o n f i n e d by the biasing experiment"'. 

Various types of EL Ms are known in e x p e r i m e n t s " . Sone is corre­
lated with the critical gradient of edge pressure against the ballooning 
mode, and some is not. The bifurcation theory predicts a aodel of small 
and continuous ELlls ° \ The hysteresis between Vn and r can generates the 
oscillation ('limit cycle solution'). The dynamical equation (B) is 
solved with continuity equation and the model equation r[X.p]. Model 
equation can be formulated in tbe f a n of the Gintzburg-Landau equation as 

an/at - (a/ax)D(X)an/9x, (lo-i) 

wax/at - -NU.A.n) + ii3zX/ax2 (10-2) 

where D is the effective diffusivity, x-a-r, o is the smallness parameter 
of tbe order of ( p j / p p ) 2 , M is tbe shear viscosity, and H represents the 
current e [ r ^ c + r r ^ - r r e ] which has the nonlinearity and depends on both E p 

and Vn. Introduction of the shear viscosity allows us to study the radial 
structure of the barrier. (Note that n o n a l ization is used as x/pp-»x, 
D/D Q-»D, II/D 0-*M, t/(p 2/D 0)-»t, and BQ being the diffusivity in L-phase. ) 

A simplified model was studied where H(X,x,n) is given N(X,g) (g» 
A / V J ) and N(X,g) is modelled by the cubic equation as in Fig.6(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 1imited area in the parameter space. Otherwise, either the high-con-

The jUIIP of f is predicted at the critical gradient 

A 言 ρpn'/n a Ac' and ~c .....日(1) (U) 

as is shown in Fig，5(b)， This exa・plesho首5that the singularity of the 
lransport properlY r[Vn] can be explained by using a ♀阜且Lよ.nJI.♀.LLS..function 

of r[ E.l 

The extension of lhe lodal is possible by considerins: fri
31). Tbe 

bulk viscosity generates the force on ions in the poloidal direction as 

Fp '¥.0 -lisil)iq2Vpf(X). The function !(X) is unity for Ix 1<<1 and behaves 
Iike exp(-12) (plateau regille) or X-2 (Pfirsch-Schluter regi・0)31.32)。
Fiaure 5(c) illustrates the balance of f1c .. -rri' confirlling that the 

bifurcation can OCCur at the Tarticular value of the edge gradient， Ac 、
0(1). Variety of the bifurcation is predicted， fhen tbe electron terl 

fre is negligible. the transition occurs to the Ilore negative Er' and that re 
to the lore positive Er takes place if fre is illportant. Other candidates 

such as the VVV ter・ o~ the turbulence d~iven flux are a150 studied33)ー
The proposal of the electric bifurcation27) was tested by experiー

lIents， D-IIl D28) and JFT-2M29) confir・edthe radial electric field. The 
transition caD be excited by the radial current driven by the probe and 

external circuit34)， The layer width is of the order of p"，291， The 

nonlinear response of Fn to X is confirled by the biasi同ムperillent35} 
;u. ... ...._.. ，. ......， .....22) Various types of ELIh are known in experi ・ents"""， 80lle is corre-

lated・ithtbe critical oradient of edge pressure against the ballooning 
Dode. and so・eis not， The bifurcation theory predicts a .odel of s・all
and ccntinuous El.Ys36)， The hysteresis between Vn and r can generates the 

o~cillation (' li・itcycle solution')， fhe dynuical equation (8) is 
soived with continuity equation and the 町odelequation nx. p)， Yodel 
equation can be forllulated in tbe forD of the Gintzburg-Landau equation as 
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finenent state (H) or low confinement state (L) is allowed. Figure 6(b) 
and (c) illustrate the oscillatory solution of the out flux, and the 
radial profile of the effective diffusivity in H and L phases. In the tin 
phase of good confinement, the reduction of D extends from the surface to 
the layer, the characteristic width of which is given / M 7 D P D . 

Fig 6 Uodel of the effective di f Tusi vi ty l> CD' r/Vn) 
the gradient paraoeter A/u- (a). Transilum occurs at points A and B . 
Two branches II and L are shown. The prcditfd oscillation 

fron core, is shown in CbJ. Th.« profile of D at the two 

funct i on of 
A 

for 
cons lant flux 
tine slices (arrows in (b)) are jhn 
and x<-2 to the core plasma. 

>a (<:) 0 corresponds to the surface. 

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

[V] Summary and Future Problems 
In this article, we briefly surveyed the applications of the MHD 

theory for the understanding of the edge plasma physics. The edge 
phenomena is geometry-dependent, a^d contains various time scales. The 
HDD 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 analysis. 
Recent efforts has b n to extend the applicable area by investigating the 
role of the radial electric field and the viscosity. 

•e here stressed that the UHD equations are not closed by themselves, 
and need some closure model. The study on the stress tensor n can 
largely extend the area of the application. Many results are dependent on 
the choice of the anomalous transport coefficient. 

Combining the theory that the radial inhomogeneity of E r Cor V ) can 
stabilize the microscopic instabilities, the structure of the established 
electric field Cflow velocity) are considered to suppress the microinsta-
bilities and associated anomalous transport. The reduction of the anoma­
lous transport further improves the confineuent inside of the transport 
barrier. Figure 7 illustrates the present 'standard model" for the tran-
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 the choice of the anollalous transport coefficient 

Co田biningthe theOfY that the radial inhollogeneity of Er (or Vp) can 

stabilize tfle lIicroscopic instabilities， the structure of the established 

eleclric field (flow velocity) are considered to suppress the ・icroi nsla-
bilities and associated anoll;l.lous transport. The reduction of the anollla 

lous lranspor¥. further i・proveslhe confineJ)cnt inside of the transport 
barrier. Figurc 7 illustrates the prcscnt 'standard lIodel・for the lran 
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si t ion phenomena at edge, 
though iany part of the 
elements are still 
qualitati ve yet. 

There are couple of 
problems which require 
future studies. The 
influence of the atoiic 
processes has been exanined 
in the UHD analysis, 
Further analysis to refine 
codels for the impurity 
response is required. The 
determination of the 
stability limit is now a 
well-defined problem for 
the realistic geonetry and 
profi1e. There are. 
however, several problens 
e.g., bursts of magnetic 

Fig.7 Scheiiatic diagram between the 
radial electric field/ rotation, 
the radial current, anomalous 
transport, and plasma fluxes. 

„«,a,.*...- rjrturbation 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 3'^. 
The quantitative improvement of the mode 1 1 ing of the viscosity and the 
radial currents is also necessary. The nod el oust be extended so that the 
quantitative prediction of E r is possible. Many further inpravenent of 
confinement have been proposed based on the electric bifurcation node 1. 
The verification of the model is surely an important issue. 

Be here have few room to show how the understandingot 
used to control it. Examples are seen 

possibilities tr> excite the H-node 
,ssy ELHs by external oscil-

good energy con­
finement, efficient pumping, suppression of impurities, or tolerating the 
heat load, is an urgent lash. 
plasma are inevitable for it. 

he edge 
„38) { l l t h e P1asoa cunfi nenen I 

analysis of the divertor -. , . 
transition by the ion beam and to sustain gras 
lations. The control of the edge plasma, e.g., for the 

efficient pumping, suppression of impurities, 
The understanding and modelling of edge 

and the UHD analysis will be very useful. 
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[I] Introduction 

Recently 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 has 

been compiled in Ref.Cl] Recent experimental findings, such as 

the H-iode^, had a large iipact in the progress in this field, 

as is reviewed in [3]. The core plasma confinement should be 

more tightly coupled to the edge plasma condition than has been 

thought, if we judge from the phenomena like Improved Ohmic 

Confinement4-' (IOC), 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 plasma 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-

t i o n 6 y , 0 j \ These observations indicate the importance to take 

the realistic geometry Cor alternatively, to find out the key 

parameter to 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-
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ation of the dynamic change of the heat load such as that in the 

large ELUs (edge localized modes). These issues also illustrate 

the inportance of the study on the structure and dynanics of the 

edge plasma in a realistic plasma configurations. 

In the study of these problems, the analysis based on the 

magnetohydrodynamic (HHD) equation has been performed. This 

equation has the advantage that phenomena of various tine 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), 

assuming 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. fle also discuss the efforts 

to extend the model equation to apply more general and important 

problems 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 11HD equation. Various extensions to the physics processes 

are included in terms of the transport coefficient.] 

- 17-
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[II] Structure of Edge Plasias 

(?.. \ ) Fluid Equation and Boundary Condition 

The plasma and geometry of our analysis are shown in Fig. 1. 

The definition of the 'edge plasma' has not been made uniquely. 

We here consider that the edge plasmas are consist of the plasma 

(1) outside of the outermost magnetic surface (i.e., scrape-off 

layer) and soae in the inside of the outeroost 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 5) 

sp/st +V'(pv) (1) 

PdV/dt - -V-H + R + F + S m C2> 

a(pE.)/at + V-(B QV> = -B:W + (R+F)-? - V-q + S p (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= qCE+VxB), E s «• V 2 + w, w is the internal 

energy per unit mass, S n, S B, S E are the sources of particle, 

momentum and energy, and other notations are conventional. One 

fluid MHD equations use the variables total mass density, p. 

[11] Structure of Kdge Plas.as 
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solve the plasma response and the field. 

The MHD equations are not closed by themselves, and we need 

to specify the closure such as the equation of state, the stress 

tensor II, 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 E is approximated by 

3p/2. The frictional force R is calculated by Spitzer collision 

frequency, and interaction between neutral particles are included 

in S p. The classical values are used for the plasma resistivity 

f\ and parallel thermal transport coefficient x . The perpendicu­

lar transport coefficient are considered to be anomalous, and the 

prescribed form is substituted in the HHD equation. 

The electron energy flux q e is given by q u
e + qy e, and that 

for ion is given by q^1, where 

(O 

q T = ~*>lV ' c i V l T +(5nT/2eB)bxVT (5) 

uQ is the electron collision frequency, fte is the electron 

cyclotron frequency, b=B/B and tc=ni. 

The particle source can be calculate' once the neutral 

density is given. (This term depends on the geometry strongly. 

vclocity of the plas阻a. V. charge denslty ρq' and current density 

j. instead ofρand ，~;. And the Maxwell equation is used to e， 1 -..- • e， 1 

solve the plasma responsヨand the field 

The WHD 8Quations are not closed by themselves， and we need 

to specify the closure such as the equation of state， the stress 

tensor n， and the transport caeffic!ent， and the model of the 

sources 

The co盟国onchoice of the closure is that the paraIlel trans-

port is classicaI， only the diagonal part of 令he stress tensor. 

element of .hich is p=nT， is kep¥， and Es is approximated by 

3p/2. The frictional force R is calculated by Spitzer collision 

frequency， and interaciion between neutral particles are included 

in Sp' The classical values are used for the plasma resistivity 

司 andparallel thermal transport coefficient x. The perpendicu 

lar trassport coefficient are considered to be anomalous. and the 

prescribed form is substituted in the WHD equation 

The electron energy flux qe is giυen by qu e + qTe， and that 

for ion is given by qT
'
， where 

-D.71T~j/e + (3T~u~/2efl~)bxj e-e 

qT -~!/ち T 町、 T +C5nT/2eB)bxVT 

Ve is the electron collision frequency， Qe is the electron 

cyclotron frequency， b=B/B and ~有 nx

The particle source can be calculate" once the neutral 

(4) 

(5 ) 

density is given. CThis term depends On the geometry strongly. 
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The connection with the computation on neutral dynamics is 

di scussed in [6,7].) 

The boundary conditions at the plasma-material interface are 

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 divortor biasing, is also possible. 

In this section, we study the static Cequilibriuu) structure 

in the edge plasmas. Stability and dynamic responses are 

discussed in the next sections. 

(9 ?.) Structure Alone the Field Line 

In studying the structure of the plasna distribution in the 

scrape-off layer, the competition between the parallel and 

perpendicular heat transports is examined. For the plasma 

paraneter of present experiments, the energy transport along the 

field line is the fast process. When the plasma thickness is 

paraneterized by A, the averaged tenperalure in the flux tube 

with thicknes A is given by integrating the parallel energy 

conduction equation along the field line as 10) 

T U ) 3 - 5 = T d i v
3 " 5 + 7q,,i/2c0 (6) 

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

plate, the parallel heat flux q., is given as 

The connection with the co掴putationon neutral dyna阻1CS 1 S 

discussed in [6.7J.) 

The boundary conditions at the plasma-material interface are 

8. 9) giveno.~J in the form of the Bohm sheath criterion and energy 

transmission coefficient T ð •• The current across the plasDa~ e. 1 

oall interface is often assumed to be zero. The extension to the 

case where the current flo.s across the .all. e.g. in the study 

~f tn8 divcrtor biasing. is a1so possible. 

In this section. oe study the static Cequilibriu.) structure 

in the edge plasmas. Stability and dynamic responses are 

discussed io the next sections 
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ln studying the structure of the plas田adistribution in the 

scrape-off layer. the competition between the parallel and 

perpendicular heat transports is examined. For the plas罰a

parameter of present experiments. the energy transport along the 

field line is the fast process. 胃henthe plasma thickness is 

paraoeterized by a. the averaged te.peralure in the flux tube 

.ith thicknes a is given by integrating the parallel energy 

10) conduction equation along the field line as 

。
に2
 
/
 
ユ品
，，
 何唱

守

1
4
1
 

5
 
3
 V
 
-
A
U
 

申

i=
 

5
 
no )
 
nu-(
 

m
4
&
 

(自〉

where且 istbe distance along the field line froo the divertor 

plate. the parallel heat flux qq is given as 
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V B t P 0 u t / B p 2 i r A R , 

•vr c n T 2. 5 

P Q u t is the total energy outflux to SoL, and the energy 

deposition in the SoL plasma is neglected for the sinplicity. 

Though very simplified, this equation reveals essential 

characters of the SoL plasna. 

The Bohn sheath criterion gives the plasma parameter in 

front of the divertor plasma as 

T d = P o u t / G T t r o u t ( 7 - 1 ) 

n d = / m 7 ^ ( B t / B p 2 R A R ) C G r 0 U t ) d ^ / / r v T t (7-2) 

where 

G is the enhancement factor of the particle flux in SoL plasma 

and r Q u t is the particle flux out of the main plasma. These 

parameters T J and n^ are essential in evaluating the performance 

of the diver tor. 

(2.3) Structure Across the Field Line 

The parameter L is determined by the cross field energy 

transport. The cross field transport is stronger for higher 

q. 'B.P̂ "./L2π且R• I -1J  t I OU t I up 

小2.5 
<，，' '01 

Pout is the total energy outflux to SoL. and the energy 

deposition in the SoL p!as.. is neg!ected for the si皿p!icity.

Though very si.p!ified. this equ.tion reveals essentia! 

characters of the SoL p!.s.a 

The Bohm sheath criterion gives the plasma parameter in 

front of the divertor plas.a as 

where 

Td Pout/GTtrout 

Iil:T.(B./B.2πaR)(Grout)3/2//f二コt ¥， U t I U p" IUU¥ .J ¥， u， 0 U 

γ'L+T 
t "e" i・

c7 -1) 

c7 -2) 

G is the enhancement factor of the particle flux in SoL plasaa 

and rout is the partic!e f!ux out of the ..in plas.a. These 

parameters Td and nd are essential in evaluating the perfor.ance 

of the divertor 

f~ ~) Strllct'lr~ Acrn~~ th~ Field l.ine 

The para.eter a is deter.ined by the cross fie!d 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 midplane. From Eq.(6), one sees 

that T«i ' so that T(H) is approximated to be constant T b near 

the Did plane. Solving 

fc VJ = - q i C - P o u t / 4 i r 2 a R ) , 

the estimation of A is obtained in [11]. If the cross field 

transport is given by the Bohm-like diffusion 

we have 12) 

A/a = 5K a(LB t/K naB_) 4/11 C R / P n n t ) 3/1 (8) 

where a and R are the ninor and major radius, L is the distance 

between midplane and divertor along the field line and K L=c aT. 

The heat flux channel becomes narrower as the power increases. 

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

rout "o a , then A ^ a 5 / H 

The drift heat flux CVTxb term in Eq.(5)) can also affect 

the heat channel'*'. This term depends on the direction of B. 

In the configuration like Fig.I with B, directed into the paper, 

(i.e.,VB-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 

t e回peralure plasma， the width 且 i8 detcrmlned by the 

perpendicular diffusion near the midplane. From Eq. (自)， one sees 

that T~12/7 so that T(血) is approximated to be constant Tb near 

the .id plane. Solving 
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where a and R are the minor and major radius， L is the distance 

between midplane and divertor along the field line and に上=にaT. 

The heat flux channel becomes narrower as the power increases 

It i5 also shown that A does not scale to a1. (For instance. if 

P.... '" a3. then A '" a5/l1】out '¥， aU ， then A "1" a....' ".) 

The drift heat flux ('Txb term in Eq. (5)) can also affect 

the heat channeI13). This term depends on the direction of B 

ln the configuration like Fig.l with 8t 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 lorus) or increased (inside of 
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torus) When the power is deposited mainly at the outside of the 
torus, this term reduces the average radial transport, reducing A 
and enhancing T L , 

(2 41 Comparison with Numerical Simulation 
The numerical analysis has been performed in order to obtain 

the two dimensional structure of the SoL plasma 7, 14-17) 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 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 -dimensiona] numerical 
code (assuming the Bohm diffusion coefficient) to give 1 = 16) 

in •<- r„ 1. In 0. 35 "d "- 'out rout 

"b - r o u t P o u t " ° - 3 ' 

' T e , d ^ pout rout 

T „ p 0. 5 r -0.25 le, b ~ Kout rout 

(9-1) 

(9-2) 

I T •<• I", 0.4 P -0.23 T ^ 'out rout *n v 'out -0.24 P 0.15 "out (9-3) 

where 1-p and t n 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 r o u t from Eq.(9-2), we have 

torus) When thc power is deposited ID3ln!y at the outsldc of the 

torus， this term reduces the average radlal transport， reducing t 

and enhancing Tb 

[フ 4)Comoarison with Nll箇er司ca1 S i mull¥.1.J...QJL 

The numerical analysis has been performed in order to obtain 

the two dimensional structure of the SoL plasma7， 14-17) These 

calculations can a1so determine the neutral particle profile， and 

hence the parameter G. Example i8 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 perfor皿ed by using the 2-dimensional numerical 

l日)code Cassuming the Bohm dif[usion coefficient) to give1U1  
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where 且Tand且nare the sca!e lengths of the radial gradients， 

T/T' and n/n'， at the .idplane respectively. This result 

confir皿sthat the analytic resu!t is a good esti.ate. If we 

eli.inate rout fro. Eq. (9-2)， we have 
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•p . p 0. 4 -. 25 
[e, b ^ *out nb 

Analytic theory [Eqs. (6) and (8)] gives 

T K * P 4/1I„ -2/11 out n b 

showing that the analytical estimate is confirmed by the 

simulation. Figure 2 also show that the electron temperature is 

almost constant at the plasma boundary, which is assumed in 

deriving Eq.C8). We 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 impurities 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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sho.ing that the analytical esti.ate is confirmed by the 

S1田ulation. Figurp 2 also sho. that the electron temperature is 

almost constant at the plasma boundary， which i5 assumed in 

deriving Eq. (8) 胃esee that the plasma structure is well 

understood， and what is really necessary is the understanding of 

the cross field transport. 

Extension to the i回pureplasmas nas also been performed. 

The screening of impurities which are generated from the divertor 

.al1 is also been analyzed quantitatively. Analytic esti.ates 

are also discussed in Refs. [18，191 
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[Ill] Stability of Bdse Plasaas 

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 UHD 

stability is the strong shear associated with the separatrix, and 

the location of the X-point. We here briefly survey the findings 

of the stability analysis. 

fa. 11 Ballooning Mode (Ideal UHD Model 

The average magnetic curvature at edge of the tokaaak plasna 

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..= b*V ** 1/a but the one across the filed 

line is short, S/SB>>l/a. For the perturbation *(r,8,£), the 

ballooning transformation was introduced as 20) 

+(r, e, 0= Eexp(-ine+n£) dx*(x)exp(i(n-nqCr))x) (10) 

where q(r) is the safety factor and m and n are the poloidal and 

toroidal mode numbers, respectively. (Note x is the coordinate, 

not thermal conductivity: Behaviour of *(x) at x-»~ corresponds 

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

[111] Stability of Kdge Plas.as 

UHD equation is most successfully applied to tbe study on 

tbe plas.a stability. Tbe edge plasma can bave a I.rge pressure 

gradient (thougb tbe pressure itself is 10.). the study on the 

st.bility bet. li.it is import.nt. Anotber ch.r.cteristic 

fe.ture of tbe edge pl.sm. fro. tbe view point of the UHD 

stability is the strong shear associated with the separatrix. and 

tbe loc.tion of the X-point 官ebere briefly survey tbe findings 

of tbe stability .n.lysis. 

f~_ 1) Balloonin2 Uode (Jdeal UHD Uode 】

Tbe .verage ..gnetic curvature at edge of tbe tokamak p1asma 

is favourab1e. i. e.. in tbe . .e11' configuration (except the case 

.bere tbe X-point is outside of tbe torus). In sucb • c.se. tbe 

unstable mode may be loc.lized in the outside of the torus (.bere 

tbe local bad curvature exists). The wave lengtb along tbe fiJed 

line is long. i.e.. k，= b'V _ 1/. but the one across the fiJed 
line is short. a/ae>>l/a. For the perturb.tion "，(r. e. O. tbe 

ballooning transformation was introduced .s 20) 

-" 
φ(r. 8.ξ)= l:exp(-;.9十nξ)I d 1φ(l)exp(i(m-nq(r))三 (lO)

.bere q(r) is the s.fety f.ctor and m and n are the poJoidaJ and 

toroidal mode numbers. respectively. (Note x is the coordinate. 

not thermaJ conductivity: Beh.viour of "，(1) at ~~・ corresponds

to that of φ(r) at the rational surface目)曹ehere follo. tbe 
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notation of Ref.[21]. The Euler equation for the ideal UHD mode 

is written for an ordinary differential equations for high -

toroidal-iode-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), 

a = -2Rq B p' (local pressure gradient) 

fi = (1-q )r/R (average well) 

where '=d/dr. The ballooning equation is simplified as 

(a/ai)[l+Iz]8»/ax t {a(cosx-Isinx)- 6-T 2( 1+I 2)}$ = 0. (11) 

1= sx-as i nx, and T is the growth rate which is normalized to v./R 

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

is given as 

3 / 4 [ a 2 - / a 4 / 2 - 3 2 a 6 / 9 ] < s < 3/4 [ a 2 + /ot 4 /2 -32a5/9 ] (12) 

showing that the ballooning mode is stable for oKO.8/s" and 

o>2. 2/s" (the second stability). Figure 3 illustrates the 
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i8 written for an ordinary differenlial equations for high 

toroidal-mode-number modes. which has the large growth rate 
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of the circular plasma. The Euler equation i8 characterized by 
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where • :d/dr. The ballooning equation is simplified as 

(ala1)[1す12J a畳Ia1 + (α(COS1ω1 s i n x) -6 -T2 ( 1 +1 2))吾 0， (11 ) 

1= S1αsin1， and T is the growth rate which is normalized to vA/R 

(VA: Alfven velocity). The instability condition for 10. s case 

18 glven as 

3/4["，2_s五五平石]く s< 3/Hα2+ぷ五三五日 (12) 

sho.ing that the ballooning mode is stable forα<0.81冨 and

α>2. 21S (the second stability). Figure 3 illustrates the 
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stability limit for the pressure gradient (a) as a function of 

the shear. 

f3 ?.) Effect of Plasma Dissipation on the Ballooning Mode 

In the edge plasmas, the plasma resistivity y is small but 

finite. The dissipation process can destabilize the mode for the 

regime where ideal IIHD mode is predicted to be stable. This 

process is important in estimating the beta value at the 

stability boundary. (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 detail 2 2'. 

For the finite-resistivity plasma Eq.(ll) is reformed' as 

(s/ax)[z/Cl+zk e
2/TS)]as/ax + (a(cosx-Isin*)-fi-zT2}$ = 0, (13) 

where z=H-I(n) and k 9=ma/r. The eigenvalue equation is now 

characterized by the four parameters, s, ex, fi and S, where S is 

the magnetic Rayno Ids number, 

S = v An Qa 2/>7R. 

and v. is the Alfven velocity. For the case of the strong bal -

ooning limit C | s x j < < I 1-, E q. (1 3) is approximated by the Weber 

Equation, and the growth rate T is determined by 

T 3 +Ck e
2/2S)T 2 - T J 2 T - (k e

2/2S)(a-e) = 0. C14) 

stability limit for the pressure gradient (α) as a function of 

the shear 

f~ ?) Efヂρct of Plasma Dissloation on the Balloonin2 Wode 

1n the edge plasmas， the plasma resistivityηis s.all but 

finite， The dissipation process can destabilize the .ode for the 

regi.e where ideal WHD .ode is predicted to be stable， This 

process is important in estimatin且 the beta value at the 

stability bo可ndary， (The problem， whether the stability limit 

for beta is the experi.ental 'beta limit' or not， deserve further 

study， and discussed later， 1 

The effect of the resistivity has been studied in detail22l， 

For the finite-resistivity plasma Eq， (11) is refor皿ed'as 

(a! ax)[z!( 1 tzke
2!rS) J a畳!ax t (α(COS1匂 Isin1)-d-zr2li垂 0， (13) 

where z=I+I(x)2 and ke=ma!r目 The eigenvalue equation is now 

characterized by the four parameters， s，α， d and S， where S is 

the magnetic Raynolds number， 
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where Tj is the growth rate in the ideal MHD limit, Tj = a-/a/2-

b. It is shown that, in the absence of well (6-»0), the mode is 

unstable for all value of a, i.e., the stability beta limit is 

zero. (See Fig.4.) The mode growth rate is given as 

T * Cak 0
2/2S) , / 3 (15) 

for the narginal stability for the ideal mode (r^O). 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 estinate for stability from Eq.(14) is given by 

(16) 

The importance of the magnetic well was investigated for the 

JT-60 plasma (with outer X-point) 23) Parameter D 

(Dp"a(a-6)/s) is calculated for outer-X-point configuration and 

limiter configuration. (The condition Dp<0 is the stability 

criterion from the above simple estimate, Eq.(16). ) Compared to 

the limiter case, in which Dn is negative, the outer-X-point 

configuration has large and positive Dn 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 D R. The influence of these oscillations on 

- 28 -

where TI is the growth rate in the ideal UHD limit. τ αー必72

6. It is shown that. in the absence of .ell (6・叫〕目 the lIode is 

unstable for all value ofαi.e.. the stability beta limit is 

zero. (See Fig.4.) The mode growth rate is given as 

γ 町 (αka
2/2S)I/3 (15) 

for the marginal stability for the ideal mode (T~O). In the 

presence of the magnetic well. the critica1 beta for stability 

appear below the ideal UHD stabi1ity 1imit as shown in Fig.4(b) 

Simple estimate for stability from Eq. (14) is given by 

α< 6. (16) 

The importance of the lIagnetic well was investigated for the 

JT-60 plas.~ (with outer X-point)23). Parameter DR 
(DR"α(α-6)/s2) is calculated for outer-X-point configuration and 

limiter configuration. (The conGition DR<O is the stability 

criterIon from the above simple 8sti固ate. Eq. (16).) Compared to 

the 1i.iter case. in which DR is negative. the outer-X-point 

configuration has large and positive DR for given pressure 

gradient. indicating stronger instability. Experiments has alsa 

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 af the sign of DR' The influence of these oscillations 00 
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the global confinement, however, was not analysed yet. 

It is believed that the microscopic (high-n) instabilities 

lay lead to anomalous transport with 'soft beta Unit', and that 

the real hard 'beta limit' comes from the development of the 

modes with low-to-medium mode numbers. The anomalous transport 

based on the resistive turbulence has been developed-', but is 

not enough to explain present observations. 

The comparison study of the occurrence of the 'Type-I' 

ELMs corresponds to the stability boundary for the ideal MHD 

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 

edge . However, the catastrophic nature, such that the sudden 

growth of the mode with m^lO acts as the precursor of Giant 
.26) ELUs^ is not unders tood. 

(3.3) Instabilities Driven bv Atomic Processes 

Atomic process is also the characteristic to the edge 

plasma, and affect the edge stability tremendously. 

Global instabilities are known such as UARFE 1 J and 

detachment. The radiation loss is modeled such that 

-n 0n TL(T 0), (17) 

where n T is the impurity density. Since sL/3T e<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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the globaJ confinellent. bowever， was not analysed yet 

lt is believed that the microscopic (high-n1 instabilities 

.ay lead to ano.alous transport .ith 'soft beta li.it'， and that 

the real h.rd 'bet. li.it' co冨esfrom the develop回entof the 

modes with low-to・medium lIode nu皿bers. The anoma10us transport 

b.sed on the resistive turbulence h.s been developed241目 but i s 

not enough to exp1ain present observations. 

The co阻p.risonstudy of the occurrence of the 'Type-!' 

251 ELWs""' corresponds to the stability boundary for the ide.l MHD 

instability， suggesting the importance of this kind of 

instability， Nonlinear simulation of the high-m pressure driven 

instabi1ity has recovered a rapid grow of the mode near tbe 

edge21， However， the catastrophic nature， such that the sudden 

gro.th of the mode with m~IO acts as the precursor of Giant 

ELYs26)， is not understood 

I~ ~) Jnstahilitip.s Driven hv Atomic Processes 

Ato田icprocess is a1so the characteristic to the edge 

plasma， and .ffect the edge stability tremendously， 

Global instabilities are known such as YARFE191 and 

detachment， The radiation loss is modeled such that 

SE -nenlL<Te1， (J7) 

.here nr is the impurity density. Since aL/aTe<O holds for a 

range of temperature and the enhanced radiation reduces the 

electron te回perature. this 1058 term in principle 1eads to the 
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instability of the electron temperature. Models on L C T g ) and the 

dynamic response of nj with respect to the perturbation are 

necessary to quantify the growth rate. The latter is usually 

denoted by the parameter 

ft = -(ir e/n e + ffI/nI)/CT/T). 

Asymmetric thermal instability (m/n=l/0, i.e., MARFE) can grow 

if 19) 

n T [ a L / a m L / T ] > x J _ / ( a - r b ) 2 t x y / / q 2 R 2 (18-1) 

([r^.a] is the region of the analysis, where 3L/aT is negative 

and 1arge) and 

UjL/T > x/(,/q2R2. (18-2) 

If Eq.(18) does not hold, the poloidally symmetric mode (m=0/n=0 

mode. i.e.. detachment) starts to grow. 

This picture is often referred to as an origin of the 

density limit. If one assumes that nj/n e is constant, Eq.(l8-1) 

set an upper bound for the electron edge density against the 

thermal instability. This theory of m=| and m=0 modes also 

explains the difference of the condition for UARFE and detachnent 

to appear. Equation (18-2) is more easily satisfied for (1) 

lower ? e, (2) larger device and (3) higher heating power; In 

other words, the lighter impurities (for which the condition 
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il13tability of the electron temperature. Yodels on LCTe) and the 

dynamic response of sI with respect to the perturbatios are 

necessary to quantify the grooth rate. The latter is usually 

denoted by the parameter 

長=-(lTe/De+町r/nr)/(TIT)ー

Asy..etric thermal instability (m/n=I/O. i.e.. MARFE1 can groo 

ifl9) 

nI[aL/aT時 L/Tl> ~/(a-rb)2 t勺/q2R2 (18 -1 ) 

([rb' al is the region of the an.lysis. ohere aL/aT is neg.t:ve 

.nd 1 .rge) .nd 

<nTLIT > x，，/q2R2. (18-2) J ~，. ， "// 

If Eq. (181 does not hold. the poloidallY symmetric mode (m=O/n=日

mode. i.e.. detachment) starts to grow， 

This picture is often referred to as an origin of the 

density limit目 Ifone .ssu.es that nI/ne is constant. Eq. (18-1) 

set .n upper bound for the electron edge density ag.inst the 

thero.1 inst.bility. This theory of m=1 and 0=0 modes 'Iso 

expl.ins the difference of the condition for WARFE .nd detach.ent 

to appe.r. Equation (18-21 is more easily satisfied for (11 

looer Te. (21 larger device .nd (31 higher he.ting power; In 

other oords. the lighter impurities (for which the condition 

30 



3L/ST<0 holds for the lower plasma temperature and Eq.(l8-2) is 

more easily satisfied) lead to the MA RFE 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 node 

nuch as drift wave2'''. For instance, the radiation loss 

increases the growth rate by the amount of -n-j-sL/aT. If there is 

the constant neutral density, then the density fluctuation FT 

gives the source of fluctuation S^-r rrsngIT<tfv>. (n Q is the 

neutral particle density.) This positive feed back enhances the 

growth rate of drift like waves by the amount of T Estimation 

was made that the ionization can affect the fluctuation level at 

edge considerably if T n>5xl0 (s"') for small devices. It should 

be noted that in this kind of computations, the density of the 

neutral particle is assumed to be constant (the parameter T n 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 S"n = 

rnff C T >0) is no longer valid. Further analysis is required. 

f3.n Effect of Radial Electric Field 

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. 

aL/ aT<O hoJds for the lower pJas.a te阻peralureand Eq. CI8-2) is 

.ore easily satisfiedl lead to the YARFE while heavier one to the 

detachment (and then disruption): These prediction is cansistent 

with experiments. The dynamics of impurilies needs further 

analyses for quantitative comparisons. 

Tbe ato~ic process can alsQ destabilize the microscopic >>ode 

πuch as drift wave27)目 For instance， the radialion 1085 

increases the growth rate by the a.ount of -nlaL/aT. If there i8 

the constant neutral density， then the density fJuctuation 宵

gives the source of fluctuation Sn=γn町三nO町(dV). CnO is the 

neutral particle density.) This positive feed b.ck enh.nces the 

且rowth rate of drift like w.ves by the a皿ountof Tn" Estimation 

.as ..de that the ionization can affect the fluctuotion level ot 

edge consider.bly if Tn)5xI0
3 (s-I) for s..ll devices. It 8hould 

be noted that in this kind of computations， the density of the 

neutral particle is assumed to be constant (the parameter Tn is 

taken as a constant parameter). This assumption io reality is sot 

always a good .odel. The neutral density itself cont.ins the 

flucluating component in the case that the plasma density is 

fluctuating: In 8uch a circumstance. simple relation of Sn 

γn宵 CT n)日) is no longer valid. Further analysis is required 

f3.4) Effect of Radial Electric Fiρlrl 

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 E r' was studied much 

in kinetic theories. The electric field gradient car. influence 

the stability through modifying the ion orbit""™'. The ion 

Landau daiping stabilizes the kinetic mode if |E r'/B| > Iv-j-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 equations^ 1• 3 2'. in terns 

of the shear flow. The shear flow first tends to localize the 

radial extent of the mode. Stabilization is expected if 

E/k./Bk, * T, C19) 

where r^ is the linear growth rate in the absence of E r'. (If 

the inhomogeneity of the velocity shear Cd^V/dr^) is too large, 

then the Kelvin-Helmholtz instability is destabilized.) This 

stabilization reduces the anomalous transport which is caused by 

the microscopic instabilities at the edge. Recent progress has 

shown that the mode amplitude is not always reduced by the 

velocity shear 3 3^ and the necessity to treat the electric field 

in a self consistent manner 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 transition*-' 

and its confirmation by experiments ' 3 . Also revived is the 

careful study of the dynamics of the radial electric field and 

plasma rotation. The important role of the viscosity was 

recognized, which is discussed in next section. 

The study 00 the stabilizing effect of Er' was studied much 

io kinetic theories. The electric field gradient car. influence 

the stability through modifying the ion orbit28-30l. The ion 

Landau da.ping stabilizes the kinetic .ode if 1Er'!目I> IVTi Vn!n I 

is satisfied. Also it can change the direction of the toroidal 

drift of trapped particle to favourable direction 

The effect was also studied by WHD equations31.32). in terms 

。fthe shear flo.. The shear flow first tends to localize the 
radial extent of the mode. Stabilization is expected if 

E r' k白!Bkr'"τL 09 ) 

¥Vhere γL is the linear growth rate in the absence of Er'. (If 

211 1...1_2 the inhomogeneity of the velocity shear (d"V!dr") is too large. 

then the Kelvin-Helmholtz instability is destabilioed.) This 

stabilization reduces the anomalous transport which is caused by 

the microscopic instabilities at the edge. Recent progress has 

shown that the mode a.plitude is not always reduced by the 

velocity shear33) and the necessity to treat the electric field 

in a self consistent maoner was pointed out. The intensive study 

is under way. 

The study in this direction was 回otivatedby the prediction 

of the radial electric field at the L- and H-mode transition34) 

and its confir.ation by experiments35.36). Also revived is the 

careful study of the dynamics of the radial electric field and 

plasma rotation. The lmportant role of the viscosity was 

recognized. ¥Vhich is discussed in next section 
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[17] Bifurcation Phenomena 

(4 \) Finding of the H-mode 

One of the nost dranatic finding in recent plasia confine-

lent experinents was the H-lode -\ This was the break through 

against the degradation of the energy confinecent tine with 

power. And it enlarged the possibility in achieving the ignition 

plasia in future devices. At the saie tine it has cast the 

physics picture that the plasna 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 froa? the ni nor radius and that it has a rapid tine scale 

for the transition. It thus enriched the physics of the confined 

plasnas. Efforts have also been made to node! these phenonena in 

the frame work of the fluid picture of the plasma, and are 

illustrated in the following. 

(4.21 Bifurcation of the Radial Electric Field and Rotation 

After the finding of the H - mode, a model was first proposed 

that the transport barrier would be made in the SoL due to the 

electric field along the field line. The experimental study 

clarified that the barrier exists inside of the plasna surface. 

This model turns out incomplete, but pointed out the possible 

iiportant role of the electric field on the transport in the edge 

plasma. 

A possible mechanism of the bifurcation of the perpendicular 

transport was proposed by taking into account the effect of the 
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f4 I】 Find唱nllof the Hー町ode

One of the most dr.田.ticfinding in recent pl.s.. confine-

.ent experiments was the H-，ode2). This w.s the bre.k througb 

.gainst the degradation of the energy confinement ti.e with 

power. And it enl.rged the possibility in achieving the ignition 

pl.s.. in future devices. At the s..e ti固eit h.s c.st the 

physics picture th.t the plas.. surf.ce h.s the generic n.ture 

that the multiple states are .llowed for given external condi-

tions. that the spatial structur. (typic.l gradient length) c.n 

be free from the minor radius and that it has a rapid time scale 

far the transition. It thus enriched the physics of the confined 

pl.s.as. Efforts have also been made ta 固odel these phenomen. in 

the frame wark of the fluid picture of the pl.sma. .nd are 

illustrated in the following 

f4 2) Bifllrcatinn of the Radial Electric Field 免ndRotation 

After the finding af the H-mode. a model was first propased 

37) that the transport barrier would be made in the SoLu'J due to the 

electric field along the field line. The experimental study 

c1arified that the barrier exists inside of the plasma surface. 

This model turns out incomplete， but pointed out the possible 

i.partant role of the electric field an the transport in the edge 

pl.sma 

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 cone . 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 establishment 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 a 'hidden variable' E The 'edge 

phenomena" indicates that (1) the gradient a/ar is no longer 

limited to the order of 1/a but can be order of l/(a-r) [i.e., 

0(l/p p) for (a-r) v p , p being the ion poloidal gyroradius], 

and that the process such as loss cone can affect the global 

t ransport. 

To quantify the lodel, it is necessary to study the nature 

of the viscosity tern in the basic equation, ffe write the 

Poisson Equation combining with the equation of motion as 

£ o £ x a E r / a t = - e ( r r e - r r i - r l c ) (20) 

where e x is the perpendicular dielectric constant, r_ e is the 

bipolar component of electron flux, r r- is that of ion flux, and 

1 lc is the loss cone current of ions. These terms are neglected 

in assuming n/p by the unit tensor. The stationary solution is 
obtained by solving r r e = r r - + r l c . The term r l c has the dependence 
on E r as 

rlc ^ p
P

n i u i E °- 5exp(-SX 2} (21) 
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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 redu~tion of the 

outflux at transition followed by the eslablishmenl 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 a 'hidden variable' Er' The' edge 

phenomena目 indicates that (1) the gradient a/ar is no longer 

limiled 10 the order of I/a but can be order of I/(a-r) [i.e.， 

。(1/ρ) for (a-r) '"ρ ， Pn being the ion poloidal gyroradiusJ， 
P' 'p 

and th.l 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 、 fewrite the 

Poisson Equation combining with the equation of motion as 

ε。εムaEr/at -e(rre -rri -r1c} (20) 

where εム is the perpendicular dielectric constant. fre is the 

bipolar component of electron flux， L， is that of ion f!ux， and ， . r 1 

f1c is the loss cone current of ions. These terms are neglected 

in assuming D/p by the unit tensor. The stationary solutioo is 

obtained by solving rre=rri+rlc' The term r1c has the dependence 

00 Er as 

r1c '"ρpnil)iεO. 5exp( -!!X2} (21 ) 
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where u- is the ion collision frequency. e=a/R, H indicates the 

effect of orbit squeezing due to the inhomogeneity of E r 
38) 

(X is equal to the so called poloidal Uach number V B/v^-^B- if 

V p=B r/B^.) This shows that the loss flux can reduce if E r is 

1arge enough. 

Figure 6(a) illustrates the case study that I*re is proportional 

to C-n'/n+eE r/T e) such as the ripple diffusion, as 

and f r- is neglected. The jump of r is predicted at the critical 

gradient 

(22) 

and A C is 0(1) as is shown in Fig.6(b). This example shows that 

the singularity of the transport property r[Vn] can be explained 

by using a continuous function of r[E r]. 

The extension of the model is possible by considering 

fri • The bulk viscosity generates the force on ions in the 

poloidal direction as 

in i U iq' !f(X)V p, 

where μi is the ion collision frequencyε=a/R. E indlcates the 

38) effect of orbit squeezing due to the inhomogeneity of ErUO)， and 
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.nd r.， is neglected. The jump of f is predicted .t the critic.l 
fl 

gradient 

λ 三 ρpn'Inλ (22)  

.nd 'c is 0(1) as is shown in Fig.6(b). This ex.mple shows that 

the singularity of the tr.nsport property f(Vn] c.n be expl.ined 

by using a 且且.n.li且且且斗~ function of f(Er] 

The extension of the model is possible by considering 

fri
39). The bulk viscosity gener.tes the force on ions in the 

poloidal direction as 

p ~ -"iniuiq2f(X)V l""l-l 
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where t h e f u n c t i o n fCX) i s 3 

f ( X ) * I ( f o r | X | < < 1 ) 

and behaves in the large \J \ limit like 

f(X) « expC-X 2) Cplateau regime) 

f(X) « X" 2 CPfirsch-Schluter regime), 

Taking this form of F , r i r was calculated. Figure 6(c) 

illustrates the balance of ri c = _ r r ^ , confirming that the 

bifurcation can occur at the particular value of the edge 

gradient. A C -V 0(3) and that the edge plasma can have bistable 

states for a given condition . Variety of the bifurcation is 

also predicted. ffhen the electron term r e is negligible, the 

transition occurs to the more negative E f, and that to the mode 

positive E r take." place if r_ e is important. Other candidates 

such as the W V term or the turbulence driven flux are also 

studied 4''"). 

Combining the theory that the radial inhomogeneity of E r (or 

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 transition 
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f(X )包 1(for IXI<<l) 

and behaves in the large Ix I limit like 

f(X) << exp(-X2) (plateau regime) 

f(X )儒 X-2 (Pfirsch-Schluter regime) 

Taking this form of F.， r，. was calculated. Figure 6(c) P' -1 r 

illustrates the balance of r1c -rri' confirming that the 

bifurcation can occur at the particular value of the edge 

gradient. Ac、0(1)and that the edge plasma can have bistable 
states for a given condition39). Variety of the bifurcation is 

also predicted. When the electron term fre is negligible， the 

tr.nsition occurs to the more negative Er' and that to the mode 

positive E. tak.. place if r.. is important. Other candidates re 

such as the VVV ter皿 or the turbulence driven flux are also 

studied4l，42) 

Combining the theory that the radial inhomogeneity of Er (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 tne anomalous transport further 

ilproves the confinement inside of the transport barrier. Figure 

7 illustrates the present 'standard model' for the transition 
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phenomena at edge, though many part of the elements are still 

qualitative yet. 

(4.3) Observation of the Structure of R{ and V p 

The proposal of the electric bifurcation 4 ^ was tested by 
35) n experinents. D-III DdD-' and JFT-21T D J confirned 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 c i r c u i t . The layer width is of the order 
36) 

44) nonlinear response of the radial current to 

These observations seem to confirm the basic physics model 

of the electric bifurcation. However, there still remain the 

mystery. Figure 8 shows the gradients near edge of the JFT-2M 

plasma. Peaks of v|£ r|. 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. 

(A. A) Sel f-Sustaining Oscillation and ELMs 

Various types of ELMs are known in e x p e r i m e n t s ' . Some is 

correlated with the critical gradient of edge pressure against 

the ballooning node, and soue is not. In former case, the good 

confinement is considered to allow the edge gradient to achieve 

the limit imposed from the UHD stability. Small and continuous 

ELMs ('grassy ELMs') needs different modelling. 

The bifurcation model predicts a self-sustaining oscillation 

phenomena at edge， though 田any part of the elements are stil1 

qualitative yet 

f，[ ~1 日 hSArvBtion of thA ~trIJ~t 口 r9 nf R ~nrl V 
V 

34) The proposal of the electric bifurcationV~J was tested by 

experillents 0-111 035) and JFT-2y36) confir固ed the establish 

ment of the radial electric field Also observed is that the 

transition can be excited by the radial current driven by the 

43) probe and external circuit 、 The layer width is of the oroer 

of pp
36J Experiments by the electrode have confirmed the 

nonlinear response of the radial c"rrent 10 Er44). 

These observations seem to confirm the basic physics model 

of the electric bifurcation However， there still remain the 

mystery Figure 8 shows the gradients near edge of the JFT-2M 

plasma Peaks of vlEr1， 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 

A 4) Sel f-Sust只inin2 Oscillatios and El.Ms 

2， 25 Various types of ELWs are known in experiments 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 cansidered to allow the edge gradient to achieve 

the limit imposed from the MHO stability Small and continuous 

ELWs (' grassy ELWs') needs differcnt modelling 

The bifurcation model predicts a self-sustaining osciIlation 

37 



under the constant flux from the c o r e . The hysteresis between 

Vn and r can generates the oscillation C' limit cycle solution'). 

The dynamical equation (20) is solved with Eq.Cl) and the model 

equation r[X,Vn]. Simplified model equation can be formulated in 

the form of the Ginlzburg-Landau Equation as 

an/at = (a/ax)D(X)an/ax, C23-I) 

uaX/at -NCX,A,n) + nd6X/x6 C23-2) 

where D is the effective diffusivity, x=a-r, o is the smallness 

parameter of the order of ( P . : / P D ) , P is the shear viscosity, and 

N represents the current e ^ r i c
+ r

r i " r
r e ] which has the 

nonlinearity and depends on both E 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 V_ and field E r cannot be discontinuous, and the 

transition on a magnetic surface propagates to different magnetic 

surface by the ion viscosity. [Note that normalization is used as 

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

A simplified model was studied where N(X,A,n) is given 

N(X.g) (gsA/y^) and N(X,g) is modeled by the cubic equation as 

in Fig.9(a). It is shown that the set equation (22) predicts the 

self-sustaining oscillation for a fixed value of the flux froi 

under thc constant flux from the corc45J. The hystcresis between 

Vn and r can generates lhe oscillation C' limit cycle solution') 

The dyna回ical equation (20) is solved with Eq. (1) and the model 

equation r[X， VnJ. Si.plified model equation can be for.ulated in 

the form of the GinllburgωLandau Equation as 

anl at 雪 (alax )O(X) anl ax， (23 -1 ) 
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where D is the effective diffusivity. x=a-r. v is the smallness 

parameter of the order of (ρ/ρ) 2，μis the shear viscosity. and l' . P 

N represents the current e[r ， ~+r. ， -r.^J which has the lC -r 1 -re 

nonlinearity and depends on both E. and Vn. lntroduction of the r 

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 Er 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 
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(00 being the typical diffusivity in the L-phase.)J 

A simplified model was studied where N(X，λ，n) is given 

N(X， g) (g呈λI"i) and N(X，g) is modeled by the cubic equation as 

in Fig.9(a)ωlt 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 

limited area in the parameter space. Otherwise, either the high-

confinement state (H) or low confinement state (L) is allowed. 

Figure 9(b) and (c) 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 * he reduction of D extends from the surface to the 

diffusion Prandtl nuiber 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 I- and H- branches of 

Tig.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. 

core. This ~scillation (limit cyclc solution) is possible in a 
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[V] Suaaary and Future Probloas 

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 tine scales. From this point of view, the 

HHD equation is a suitable tool for modelling the phenomena in 

the edge plasmas. It was successfully applied to study the two-

dinensional profile of the plasma, the behaviour of impurities, 

and the stability analysis. Recent efforts are to extend the 

applicable area by investigating the role of the radial electric 

field and the ion viscosity. 

le here also stressed that the MHD equations are not closed 

by themselves, and need some closure model. It is illustrated in 

§1V that the study on the viscosity tensor can largely extend the 

area of the application. llany results are shown here to be 

dependent on the choice of the anomalous transport coefficient. 

Experimental studies on x in the SoL 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 UHD 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 (MARFE) but 

also the oscillation nature of the radiation'. Further 

[VJ Su..ar， and Future Problo・5
1n this ar~icle ， we briefly survey the applications of the 

UHD tbeory for the understanding of the edge plasma physics. 1t 

is known that the edge phenomena is strongly geometry-dependent， 

and contains various time scales. From this point of view. the 

UHD eguation is a suitable tool for modelling the phenomena in 

the edge plasmas. 1t was successfully applied to study tbe t.o-

dimensional profile of the plasma. the behaviour of impurities， 

and the stability analysis. Recent efforts are to extend the 

applicable afea by investigating the role of the radial electric 

field and the ion viscosity 

We here .lso stressed that the MHD eguations are not closed 

by themselves， and need 50me closure model. It is illustrated in 

~IV that the study 00 the viscasity tensor can largely extend the 

.rea of the application. Uany results are shown here to be 

dependent on the choice of the ano.alous transport coefficient 

Experimental studies 00 1 in the SoL are in progress as is 

reviewed in Ref. [3]， and the impfovement of our knowledge can be 

expected. At the sa.e ti.e， the research in this direction .ust 

be enforced. 

The influence of the atomic processes are a150 examined in 

the YHD analysis by proper choice of the models on the radiation 

1085， particle sQurce， CX 1088 and 50 on. A successful example 

i8 seen in the model of ELMs and detachment. and hence gave an 

insight for the density limit disruption. Th~ analysis has also 

sbo.n that not on]y tbe slatic radiation structure (VARfE) but 

31so the oscillation nature of the radiation16l. Further 

40 



analysis would be required for research in this direction with 

refined models for the impurity response. 

One particular example is the problems in the braided 

magnetic 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 UHD stability analysis has made progress, and the 

detereination for the stability licit 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. Figure 10 is an example form PBX-M, 

where a sudden growth of the fluctuations within the tine of the 

order of lOnsec ° \ The rate of the change of T, ar/dt, can be 

estimated by Car /dp ')(aa'/at). The typical time for the change 

of a is required to get a large value of r after the parameter a' 

reaches the critical value for instability. This time period 

seems too slow compared to the rise tine of bursts. A method to 

model the trigger problem was proposed in [471. Another problem 

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 examined 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 E is 

possible. Some of the elements r„ • has been confirmed by 

experiments. Figure 11 is the data from TEXTOR on the radial 

current due to the bulk v i s c o s i t y . Many further improvement 

of confinement have been proposed based on the electric 

bifurcation uodel. 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 MHD 

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 Cffj/nj)/(T e/T e). Recently, careful 

experimental study on the impurity transport was made on 

ASDEX 4 8-\ 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-rode for 

Boronized wall (D-III D), change of the current quench tine 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 

problem of the self-generating structure across the field. It is 

well Vnown that there is a self-generating structure along the 

beta. This kind of hypothesis must bc cxa回ined 田orecarefully 
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field Jine, such as the double layer, i h e width of which is 

independent of the system size. The barrier of the H-node would 

be the first example that the cross-field gradient is free from 

the system size and reaches its new characteristic length. (The 

bifurcation lodel predicts the length scale with /JI/DP ) It nay 

reveal the generic nature of the confined plasma and have a 

future impact to wider area of the physics. 

These studies may lead to the understanding of the more 

mysterious 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 profile 4 9-' (model of 

I O C ) . The interaction between the core and edge plasma has not 

been clarified enough. 

Be here have few room to show how the underst&ndinfl of the 

edge plasma confinement is used to cnntro 1 it. One example is 

seen in the analysis of the divertor bias 0' , The other is 

the excitation of the H-mode transition by the ion be* 

the sustenance of grassy ELUs by external oscillations 

m 5 2 } , 
53) 

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 

modelling of edge plasma is inevitable for it, and the MHD 

analysis will still be very useful in the research in this 

direction. 

- 43 --

fleld Jine. such as thc 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 characteristic length. (The 

bifurcaticn model predicts the length scale with ;;Ttiρp') It皿ay

reveal the generic nature of the confined plasma and have a 

future impact to wider area of the physics 

These studies may lead to the understanding of the more 

mysterious 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 profile49) (model of 

IOC4)). The interaction between the core and edge plasma has not 

been clarified enough. 

We here have few raom to show how the under::::t::tndin JL of the 

edge plasma confinement is used to ♀且且1L♀上 it. One exa田ple is 

seen in the analysis of the divertor bias 50 • 51 ). The other is 

52) the excitation of the H-mode transition by the ion beam~~J ， or 

53) the sustenance of grassy ELMs by external oscillationsuilJ. The 

contro1 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 

modelling of edge plasma is inevitable for it. and the YHD 

analysis will still be very useful in the research in this 

directios. 

...43 



Acknowledgments 
It is a great pleasure to acknowledge continuous discussion 

and collaboration with Drs. S.-I. Itoh, N. Ueda, A. Fukuyaaa. 

The author would like to thank Drs. M. Azuni, K. Ida, Y. Uiura, 

H. Sanuki and K. C. Shaing for helpful discussions and supplying 

various data. Discussions with ASDEX group, JFT-2M group and D-

III D group is also appreciated. This work is partly supported 

by the Grant-in-Aid for Scientific Research of Ministry of 

Education of Japan. 

且cknowledge.ents 

It is a great pleasure to acknowledge continuous discussion 

.nd coll.bor.tion .ith Drs. S. -1. Itoh. N. Ued.. A. Fukuy... 

The .uthor .ould like to th.nk Drs. M. Azuni. K. Id.. Y. Miur.. 

H. S.nuki .nd K. C. Shaing for helpful discussions .nd sUPPlying 

v.rious d.ta. Discussions .ith ASDEX group. JFT-2M group and D-

111 D group is .lso .ppreci.ted. This work is p.rtly supported 

by tbe Grant-in-Aid for Scientific Research of Winistry of 

Education of Japan. 

44 



Keferences 
[I] Physics of the Plasma-ffalI Interactions in Control led 

Fusion Ced. D. E. Post and R. Behrisch). NATO ASI Series 
BI31, (Prenui Press, London/Ne» York, 1984). 

[2] ASDBX Teal: Nuclear fusion 29 (1989) 1959. 
[3] P. C. Stangeby. G. H. KcCracken: Nucl. Fusion 30 (1990) 

1225. 
[4] F. X. Soldner, et a].: Phys. Rev. Lett. 61 (1988) 1105. 
[5] K. Kiyamoto: Plasma Physics for Nuclear Fusion (2nd Edition, 

Iwanaiii, Tokyo, 1987) 
[6] D. B. Heifetz: J. Conput. Phys. 46 (1982) 309. See also 

U. Petravic, et al. : in Plasma Physics and Control led 

Nuclear Fupfon Research 1984 (IAEA, Vienna, 1985) Vol.2, 103. 
[7] N. Ueda, et al.: Nucl. Fusion 28 (1988) 1183. 
[8] See for instance P. C. Stangeby: p.41 of Ref.tl] and 
[9] R. Chodula: p.99 of Ref.[1] 
[10] «. Keilhacker, et al.: Physica Scripta T212 (1982) 443. 
[II] F. lagner and Lackner: p.931 of Ref.fl]. 
[12] K. Itoh, et al. : Nucl. Fusion 29 (1989) 1299. 
[13] F. L. Hinton: Nucl. Fusion 25 (1985) 1457. 
[14] J. N. Brooks,: J. Nucl. Materials 145-147 (1987) 837. 
[15] J. Neuhauser, et al.: Plas«a Phys. Contr. Fusion 31 (1989) 

1551. and 
J. Neuhauser, et al.: Contributions to Plasaa Physics 30 
(1990) 95. 

[16] S.-I. Itoh, et al.: Plasua Phys. Cont. Fusion 32 (1990) 415. 
[17] B. J. Braams, et al.: Proc. 17th EPS Conference on 

-45-

ieferences 

[1] Physics 01 the Plasma-Wall lnteractions in Controlled 

Fusion (ed. D. E. Post and R. Behrisch)， NATO ASI Series 

B131. (Prenu. Press， London/Hew York， 1984) 

[2] ASDEX Team: Nuclear Fusion 29 (1989) 1959 

[3] P. C. Stangeby， G. M. McCracken: Nucl. Fusion 30 (1990) 

1225. 

[4] F. X. Soldner， et al.: Phys. Re.. Lett. 61 (1988) 1105. 

[5] K. Uiyamoto目 Plas.幽 PhysJcslor Nuclear Fusion (2nd Edition， 

lwanami. Tokyo， 1987) 

[6] D. B. Heifetz: J. Comput. Phys. 46 (1982) 309. See also 

W. Petra.ic， et al. in Plasn坦 Physicsand Controlled 

Nuclear Fup;on Research 1984 CIAEA， Vienna， 1985) Vol. 2， 103目

[7] N. Ueda， et al.: Nucl. Fusion 28 (1988) 1183 

[8] See for instance P目 C. Stangeby: p.41 of Ref.[IJ and 

[9] R. Chodula: p.99 of Ref. [t] 

[10J W. Keilhacker， et al.: Physica Scripta T212 (1982) 443. 

[11 J F 胃agnerand Lackner: p.931 of Ref. [IJ. 

[12] K. Itoh， et al.: Nucl. Fusion 29 (1989) 1299. 

[13J F. L. Hinton: Nucl. Fusion 25 (1985) 1457 

[14] J. N. Brooks，: J. Nucl. Materials 145-147 (1987) 837 

[15J J. Neuhauser， et al.: Plasma Phys. Contr. Fusion 31 (1989) 

1551. and 

J. Neuhauser， et al.: Contributions to Plasma Physics 30 

Cl990) 95. 

[t 6 J S.ー1. Itoh， et al.: Plasma Phys. Cont. Fusion 32 (1990) 415. 

[17] B. J. Braams， et al. Proc， 17th EPS Conlerence on 

一45



Controlled Fusion and Plasma Heating, Amsterdam 1990, Part 

III. 1417. 

[18] Vu. I. Igitkhanov. et al. : in Plasma Physics and Control led 

Nuclear Fusion Research 1984 (IAEA. Vienna. 1985) Vol.2. 113 

[19] J. Neuhauser, et al.: Nucl. Fusion 26 (1986) 1679. 

See also T. E. Stringer: Proc. 12th EPS Conference on 

Controlled Fusion and Plasma Physics. Budapest 1985, Part I, 

PP6. 

[20] J. ». Connor, et al. : Proc. Royal Soc. London A366 (1979) 1. 

[21] A survey is made by U. Azumi and U. Wakatani: Kakuyuugou 

Kenkyuu 66 (1991) 494 (in Japanese). 

[22] See for instance H. R. Strauss: Phys. Fluids 24 (1981) 2004. 

A. Sykes. et al.: Plasma Phys. Contr. Fusion 29 (1987) 719. 

and C. M. Bishop, (fuel, fusion 26 (1986) 1063. 

[23] y. Azumi: private communications (1991) 

See also JT-60 Group: Plasma Physics and Control led 

Nuclear Fusion Research 1988 (IAEA, Vienna, 1989) Vol.1 

P. 1 1 1 . 

[24] B. A. Carreras, et al. : Phys. Rev. Lett. 50 (1983) 503. 

[25] K. H. Burrel, et al.: in Plasma Physics and Controlled 

Nuclear Fusion Research 1988 (IAEA, Vienna. 1989) Vol.1 

P. 193. 

[26] W. Zohm. et al.: Nucl. Fusion 32 (1992) 489. 

[27] For recent studies, see for instance, A. S. Ware, et al,: 

Phys. Fluids B4 (1992) 877. 

[28] H. Sanuki: Phys. Fluids 27 (1984) 2500. see also 

A. El-Nadi, H. Hassan: Phys. Fluids 25 (i982) 2140. 

46 

Control1ed FusIon and Plasma Heating. Amsterdam 1990， Part 

11 r. 1417 

[18J Yu. L， Igitkhanov， et al. in PlasmaPhysIcsandControlJed 

Nuclear FusIon Research 1984 (IAEA. Yienna， 1985) Yol. 2目 113 

(19) J. Neuhauser， et a1.: Nuc1. Fusion 26 (1986) 1679 

See a1so T， E. Stringer: Proc. 12th EPS Conference on 

Controlled Fusion and Plasma Physic& Budapest 19日5， Part I. 

pp6. 

[20J J 官 Connor， et a1.: Proc. Roya1 Soc. London A365 (1979) 1. 

[21) A survey is .ade by M. Azumi and U 官akatani: Kakuyuugou 

Kenkyuu 66 (1991) 494 (in Japanese) 

[22J See for instance H. R. Strauss: Phys. Fluids 24 (1981) 2004， 

A. Sykes， et al.: Plasma Phys. Contr. Fusion 29 (1987) 719， 

and C， M， Bishop， HucJ. Fusion 26 (1986) 1063， 

[23] U， Azumi: private communications (1991) 

See also JT-60 Group‘ Plasma PAYsics and Controlled 

NucJear FusJon Research 1988 (IAEA， Yienna， 1989) Yo1，1 

p. 111 

[24J B. A. Carreras， et al ・Phys. Rev. Lett. 50 (1983) 503. 

[25] K. H. Burrel. et al.: in Plasma Physics and ControJJed 

Nuclear Fusion Research 1988 CIAEA， Yienna. 1989) Vo1. I 

p. 193 

[26] H. Zohm， et a1. Nuc1. Fusion 32 (1992) 489 

[27) For recent studies， see for instance， A. S. Ware， et al、・

Phys. F1uids B4 (1992) 自77

[28J H. Sanuki: Phys. F1uids 27 (1984) 2500， see also 

A. El-Nadi. H， Hassan: Phys. Fluids 25 (i982) 2140， 

"6 



.'29." S. 1. Hon. K. Iloh: in Plasma Physics and Control led 

Nuclear Fusion Research 1988 C T A f:A, Vienna, 1989) Vol.2, p23 

[30] S.-I. Itoh. et al.: J. Phys. Soc. Jpn. 60 (1991) 2505. 

[31] K. C. Sliaing, et al.: in Plasma Physics and Control led 

Nuclear Fusion Research 1988 (IAEA, Vienna, 1989) Vol.2, 

Pi 3. 

[32] H. Biglari. et al: Phys. Fluids B2 (1989) 1. 

[33] K. lakatani, et al.: Phys. Fluids B4 (1992) in press. 

[34] S.-I. Itoh. K. Itoh: Phys. Rev. lett. 60 (1988) 2276. 

[35] R. J. Groebner, et al.: Phys. Rev. Lett. 64 (1990) 3015. 

[35] K. Ida, et al.: Phys. Rev. lett. 65 (1990) 1364. 

[37] T. Ohkawa. F. L. Hinton: Phys. Rev. Lett. 51 (1983) 2101. 

[38] R. D. Hazeltine: in Bull. Am. Phys. Soc. 33 (1988) 2107. 

[39] K. C. Shaing, E. C. Crume: Phys. Rev. lett. 63 (1989) 2369. 

[40] T. H. Stix: Phys. Fluids 16 (1973) 1260. 

[41] A. B. Hassam, et al. : in Plasma Physics and Control led 

Nuclear Fusion Research 1990 (IAEA, Vienna, 1991) Vol,2, 

311. and 

[42] F. L. Hinton: Phys. Fluids B3 (1991) 696. 

[43] R. J. Taylor, et al: Phys. Rev. Lett. 63 (1989) 2365. 

[44] R. R. »eynants. 0. Bora. T. Delvigne, et a ] . : in Plasma 

Physics and Control led Nuclear Fusion Research 1990 (IAEA, 

Vienna, 1991 ) Vol. 1, 473. 

[45] S.-I. Itoh, et al.: Phys. Rev. Lett. 67 (1991) 2485. 

[46] S. U. Kaye, et al.: Nucl. Fusion 30 (1990) 2621 

[47] A. J. Lichtenberg. et al.: Nucl. Fusion 32 (1992) 495. 

[48] G. Fussuann, et a 1. : Plasua Phys. Contr. Fusion 33 (1991) 

2臼 S. !. Itoh. K. Iloh， in Plasma Physics and ControJJed 

NucJear Fusion Research 1988 (IAEA， Vienn.， 1989) Vol.2， p23 

[30J S. '1. Itoh， et .1.， J. Phys. Soc. Jpn. 60 (1991) 2505 

[31 J K. C. Sh.ing， et.1. in Plasma Physics and ControI1ed 

Nuclear Fusion Research 1988 (1 A E A， V i enn.， 1989) Vo 1. 2， 

pl3 

[32J H. Big1ari， et a1: Phys. F1uids 82 (1989) I 

(33J Y. Wak.¥.ni， e¥ .1. Phys. F1uids B4 (1992) in press 

[34] S 、[， I¥oh， K. Itoh: Phys. Rev. letl， 60 (1988) 2276. 

[35J R. J. Groebner， et .1.: Phys. Rev. Lett. 64 (1990) 3015 

[36J K. Id.， et .1.: Phys. Rev. lett. 65 (1990) 1364 

[37J T. Ohk...， F， L. Hin¥on: Phys. Rev. Lett. 51 (/983) 210/ 

[38J R. D. H.zeltine: in Bull， Am. Phys. Soc. 33 (1988) 2107 

[39J K. C. Sh.ing， E. C. Crume: Phys. Rev. !et¥. 63 (1989) 2369 

[40J T. H. S¥ix: Phys. Fluids 16 (/973) 1260 

[41 J A. B. Hass.m， et .1.: in Plasma Physics and ControI1ed 

Nuclear Fusion Research 1990 CIAEA， Vienn.， 1991) Vol町 2，

31 1， .nd 

[42J F. L. Hin¥on: PhY5. F1uids 83 (1991) 696. 

[43J R. J. T.y10r， et .1: Phys. Rev. Lett. 63 (/989) 2365. 

[44 J R. R. Weyn.nts. D. Bora. T. Delvigne， et.1. in Plasma 

Physics and ControI1ed Nuclear Fusion Research 1990 CIAEA， 

Vienn.， 1991) Vol. 1. 473 

[45J S.' 1. ltoh， et .1‘ Phys. Rev. Lett. 61 (1991) 2485 

(46J S. Y. K.ye， et al.: Nuc1. Fusion 30 (1990) 2621 

[47J A. J. Lichtenberg， et al.: Nuc1. Fusion 32 (1992) 495. 

(481 G. F"ssmann， et al. Plasma Phys. Contr. F"5ion 33 (1991) 

~， 



1677. 

[49] S.-I. H o n : J. Phys. Soc. Jpn. 59 (1990) 3431. 

[50] Y. Miura, et a].: Plasma Physics and Control led 

Nuclear Fusion Research 1990 (IAEA, Vienna, 1991) Vol.1, 
P325. 

[51] II. A. llahdavi, et al. -.Plasma Physics and Control led 

Nuclear Fusion Research 1990 CIAEA, Vienna, 1991) Vol.1, 
P335. 

[52] T. Ohkawa, R. L. Killer: Plasma Physics and Control led 

Nuclear Fusion Research 1990 (IAEA, Vienna, 1991) Vol.1, 
P583. 

[53] S.-I. Itoh, et al. : ' ELIiy H-mode as Limit Cycle and Chaotic 

Oscillations in Tokamak Plasmas' NIFS-Report 96 (NIFS, 

Nagoya, 1991) 

- 4 8 -

1677 

[49] S.ー1. Itoh: J. Phys. Soc. Jpn. 59 (1990) 3431 

[50] Y. Wiur.， et .1.: Plasma Physics and ControlIed 

Nuc/ear Fuslon Research 1990 CIAEA， Vienn.， 1991) Vo1. 1， 

p325 

[51] M. A. Mahd3vi， et 31. :Plas.四 Phys!csand Controlled 

Nuc/ear Fuslon Research 1990 (IAEA， Vienna， 1991) Vo1. 1. 

p335 

[52] T. Ohkawa， R. L. Miller:Plas.闘 Physicsand Controlled 

Nuclear Fusion Research 1990 CIAEA， Vienn.， 1991) Vo1. 1. 

p583. 

[53] S. -1. Itoh， et 31.: 'ELWy H-mode as Limit Cycle .nd Ch.otic 

Oscill.tions in Tok.m.k Pl.smas' NIFS-Report 96 (NIFS， 

N.goya， 1991) 

-48-



Figure captions 

1 Example of the edge plasma region (model of JFT-2M 

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, 

i i'i\ d lines are connected to the divertor region or the 

*.i I i. Mesh-;s in the poloidal direction are given for the 

:v,o ii i E v r. s i •. -• n ;i I ." c E p u t a t i c n s. Flux surfaces of the core 

p ! ;i sa],i ;iri: r.v\ drawn. 

C K x a 2 p : » s <.• f the plasma and neutral profiles in the SoL 

r-.-f.on. rroi':ics of T e . n,, H Q , and D a are given. (Model 

f.: .,'r'T 2M plasma, the ion VI3 direction is into the X - point, 

'.ho total M u x e s from core are ?0U)_ "0.5MW and r o u t = 

;":xlO"!/sec. respectively.) (Quoted from Ref.[16].J 

;• Stability instability boundary for the ideal MUD mode 

in the s a plane. (Quoted from Rof. [21 ]. ) 

4 Stability instability boundary in the s-a plane for the 

resistive plasma (a). The effect of the Shafranov shift ( B p 

= B P Q / ( I - A C O S 8 ) ) 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 a=0 in case 6 is 

not zero.] (Quoted from Sykes et al., [22].) 
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Figure captions 

Flg.1 Exa.ple of the edge plas.a region (.odel of JFT-2W 

plasma). Thick dashed line denoles the separatrix magnetic 

surface. in which the magnetic surfaces (shown by thin 

dollcd lincs) are nested and closed. Out of the separatrix. 

!" "， :d 1 iロes arc connected 10 thc divertor region or the 
品.1J j Idc s:..、s in the poloi~al dir~.:ticn are given for the 

:v.:.J di.I::v;，si'-'ll:J: ，:cmpt;laticns. flux surfaces of 1he core 

p]a白血，1:-t:σdrrl.wn

F i g 二 Exa::!t-::ρs r:f the plasma and ncutral profiles in the SoL 
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~~， tot<11 ! ill:(l~S from core arf! P~... -0.5YW and r~ ， d out v.~~n ~..w 'out 

;;xJ021/se七 re s pc仁tively.) (Quoted from Ref. [16].) 

F1R.~ Stall: :ity illstabllity bOUlldary for the ideal YHD mode 

: n t h c s αpl.ne. (Quoted from R.r. [21].) 

fig.4 Stability instability boundary in the s-αplane for the 

resistive plasma (a). The effect of the Shafranov shift CBp 

"B pO! ( 1令 ĉos9)) 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 nearα=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 S =10 4 is shown. (Quoted from 

Strauss, [22]. ) 

Fig.5 Schematic model relation of the gradient (Vn, VT) and 

flux (r, q) for the edge plasma, in order to explain the 

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 less r^ c and electron loss T r e 

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 r_ e is 

negligible, the ion viscosity-driven flux r r ̂  and T j c 

determine the radial electric field (c). The function r( A ) 

shows the similar response as in (b). 

Fig.7 Schematic diagram between the radial electric field/ 

rotation, the radial current, anomalous transport, and 
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Example of the growth rate is shown in (b) in the 

presence of magnetic wel1. The crilical beta-limit for 

the resistive instability i5 smaller than the prediction of 

ideal WHD theory. The case of S竺 101is shown. (Quoted froo 

Strauss， [22].) 

Fig.5 Sche.atic .odel relation of the gradient (Vn， VT) and 

flux (r， q) for the edge plasma， in order to explain :he 

rapid change of the energy loss at the onset of H-mode 

transition (a). Singu1arities appear at particu1ar va1ues 

of the gradient. Thc gradient-flux relation for the case of 

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

Fig.6 Balance of the 10ss cone lcss f1c and electron 1055 fre 

determines the radial electric fie1d X~e ρL/T， (a). For 
p~ r' . 1 

the case of A (smallλ=ρpn' /n)， one large←f1ux solution is 

a1lowed. Vultip1e solutions are possible for the mediumλ 

case (B and C)， and the one small-flux solution is allowed 

for large value ofλ(D). The resultant flux， as a function 

ofλ， is shown in (b). ~he characteristic response in Fig.5 

is recovered. When the electron 1058 term r~a is re 

negligible， the ion Vi5Cosity-driven flux fri and r1c 

determine the radial electric fleld (c). The function r(λ) 

sho.s the similar response as in (b). 

Fig.7 Schematic diagram betwees 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-2U plasma. Solid lines indicate the result in 

the H-iode, and dashed lines are for the L-mode. 

Fig.9 Model of the effective diffusivity D (D=-r/Vn) as a 

function of the gradient parameter %=\fv-x (a). Transition 

occurs at points A and B'. Two branches, H and L, are shown. 

The intermediate branch (between A and B' ) are the 

thermodynanically 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 ELM. The rise time of the 

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

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

in TEXTOR. (Quoted from [44]. ) 

piasma 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 plasoa. Solid lines indicate the result in 

the ~-oode ， and dashed lines are for the L-mode. 

Fig.9 Model of the effective diffusivity D (Do-fIVn) as a 

function of the gradient parameter g=λI"i (a). Transition 

occurs at points A and B'. Two branches， H and L. are shown. 

The intermediate branch (bet.een A and B') are the 

thermodyna田icallyunstable branch. The predicted 

oscillation. for given constant flux from core目 is shown in 

(b). The radial shape of D at the 1.0 lime slices (high 

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

Fig.l0 Burst of the magnetic fluctuation was observed prior to 

the gianl ELY in the PBX-Y. This bursl of fluctualion 

precedes to the occurrence of the ELM. The rise time of the 

fluctuation is of Ihe order of 10μsec. (Quoted from [46].) 

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

in TEXTOR. (Quoted froo [44].) 
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