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Abstract

Theoretical research on the influence of the electric field
on the toroidal magnetic confinement is surveyed. The static
electric field is first described. Physics pictures on the
generation of the radial electric field and the influence on the
confinement are shown. Neoclassical effects as well as the non-
classical processes are discussed. Emphasis is made on the
connection with the improved confinement. Convective cell, i.e,
the nonuniform potential on the magnetic surface is also
discussed. The roles of the fluctuating electric field are then
reviewed., The progress in the recent theories on the anomalous
transport is addressed. Through these surveys, the impact of
the experiments using the heavy ion beam probes on the modern

plasma physics is illustrated.
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§1. Introduction

Toroidal plasma confinement is the research to confine the
high temperature plasma in toroidal magnetic confinement. The
studies on the toroidal plasma ecguilibrium and magnetohydro-
dynamic (MHD) stability have been the mainm subject in this field
of plasma physics. It has been well known, however, from the
beginning of the experimental research in the plasma confinement,
that the plasma loss process is much faster than the expectation
which is based on the binary collision of charged particles.

This has been known as the anomalous transport[1]. The majority
of the modern plasma physics related with the fusion research has
aimed the resolution of the anomalous transport processes. In
understanding the plasma loss processes, the electric field is
considered to have the key role for the plasma confinement.

The electric field can influence the confinement in two
ways. First, the static structure of it takes an important part
of the concept of the confinement. The intrinsic importance of
the electric field on the plasma confinement through Ex3 rotation
[2] was discussed much in the bumpy torus configurations [81. In
this configuration, the ExB drift has the essential role for the
plasma confinement. The progress in the research has revealed
that the electric field has important roles in stellarators[4-6]
as well; very recently, it is recognized that the radial electric
field plays essential roles even in tokamaks[7-91. This finding
has urged the recent flourishing in studies on the electric field

in toroidal devices.



The second aspect of the influence of the electric field is
the fluctuations{1,10-12]. The electric fluctuations has long
beex the candidate of the origin of the anomalous transport.
Theories have discussed lot of instabilities and associated fluc-
tuations, trying to identify the cause of the cross field trans-
port. The recent progress in experimental observation has
enabled the direct comparison between fluctuatiocns and transport
(131, thus providing the confirmation that the electric field
fluctuation plays essential role on the amomalous transport. The
method of the heavy ion beam probes has shown the inevitable
contribution in the research on these two aspects of the plasma
confinement{147].

In this article, we review the theoretical studies on the
static electric field structure and the fluctuating electric
field in toroidal plasmas, making the emphasis om the recent
progresses. We try to illustrate the generic nature of toroidal
plasmas by choosing the topics from studies on tokamaks and
stellarators. Through these reviews, we intend tolclearly show
how the measurement on the various aspects of the electric field
has the essential importance in the modern plasma rhysics as well
as in the fusion research. For this purpose, the example in this
article may be limited, and the references are not exhaustive,
Though the parallel electric field (the electric field which is
parallel to the main magnetic field) has important influences on
the confinement [15,16], it is out of the scope of this survey,
Other important omission is the influence on the behaviors of

the impurities.




§2. Static Structure of the Electric Field

In this section, we consider the structure of the global
electric field. The theoretical model to describe the generation
of the radial electric field is first surveyed. The impact on
the confinement is next explained in connection with the improved
confinement such as the H-mode and the peaked density profile.
The dynamic response is also discussed. Brief comment is made on

the variation of the potential on the magnetic surface.

(2.1 Generation of the Global Electric Field

The radial electric field solution in the steady state is

evaluated by the ambipolarity eguation
T. =T, (1>

where T is the radial particle flux and suffix e and i denote
elecirons and ions, respectively. Taking into account

nonclassical terms, we write Pi and Fe as

_ NC(s) NC(as) orbit
T. = Ti + I’i + I‘i +1"fCX+ ricx+ Fi,a’

. p NC(s), p NC
ro = T N0(s)y p NC(as), (3)
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These equations conrsist of the neoclassical fluxes (denoted by
the superscript of NC), the direct ionm orbit loss flux (riorbit)'
the charge exchange contributions of fast ions (chx) and bulk

ions (T.

lcx), and that driven by the anomalous transport (Fa). The

orbit loss and cx loss of electrons are not taken into account,
because the electron mass is much smaller than that of ions.

The neoclassical contribution is given as the sum of the
flux FiNC(S), associated with the passing and torcidally trapped
particles, and FiNC(aS) related to the ripple trapped particles,
as is reviewed in Ref.[4].

The explicit form of the ién orbit loss is discussed in
literatures. It follows, for tokamaks, that{7,17]

riorblt

e 0.95yp(-512) (4)

= Pply by

p

where vy is the ion collisicn frequency, e=a/R, ¥ indicates the
effect of orbit squeezing due to the inhomogeneity of Er[18], and
X=eErpp/T. (X is equal to the poloidal Mach number VpB/VTin if
Vp=Er/Bt. )

In the case that the direct loss of fast ions has the

largest contribution, such as the case of stellarators, we have a

simple expression as{19]
T OTPE(r) w [P(r)-P(ry)1/4ntrRE, (5)

where P(r) is the input power crossing through the minor radius

r, Wb denotes the beam energy, and Ty is the radius representing



the loss boundary. The dependence of the radius ry on the radial
electiric field, r*EEr], was discussed and the expression is given
in Ref.[20].

The fast particle flux is also generated by the charge
exchange loss, The charge exchange process conserves a local
charge, but takes away the momentum, This loss of momentunm
causes the drift flux in the radial direction. Simplifying that
the fast particle velocity is characterized by the teoroidal one,

Ve, Wwe have

I'fcx D (Mfﬂfﬂo/eBp)<éch>Vf, (6)

where Hf is the fast ion mass, nf(r) is the fast ion density,
and ny(r) is the neutral particle density.

The charge exchange of bulk ions with neutrals can cause the
radial electric field [21]. In tokamaks, the toroidal force
balance is used [22], because the bulk ion viscosity directs in

the poloidal direction {28]. The flux is given as

ri,cx = (qR/ZerB)nimiU¢n0<acxv>, (1

where the torcidal rotation is given by

U¢ =(qTiR/ZerB)[ni’/ni(1+cini)-ZeEr/Ti]+ qRUp/r. (8)

where 5 =d1nT/dian, and ¢y is a numeric.

In helical systems, the toroidal rotatiom damps off due to



the large helical ripple and the poloidal flow remains{23]. The
main ions are rotating mainly im the poloidal direction. The
induced radial flux by this poloidal force is

Tioy = (HnymgT;/e?B2) <o, >IZeB /T - (14n (nyy /0390 dmy /0] (9)
where M is the ion mass, and R and B;o are neoclassical
viscosity coefficient,

The radial electric field solution in the steady state is
evaluated by the ambipolarity egquation (1). Through the
dependences of I on E_, the ambipolarity equation, Eq. (1), is a
nonlinear algebraic equation with respect to the radial electric
field. FEquation (i) can have multiple solutions on each

magnetic surface, which is discussed in §2.2. ¥e look for the

sclution which is continuous and satisfies the condition
E.(r) » 0 asr » 0. (10)

Lot of work have been done on the analysis of Egs(1)-(10).
An example of the solutions is shown in Fig.1 for the case of
stellarators. Eq.(l) is solved with the experimentally obtained
plasma profiles in CHS [24]. TFigure 1(a) illustrates the
prediction of the radial electric field. The dotted line
indicates the meoclassical estimates. The correction by the
direct orbit loss of ions are taken into account for the solid
line. The dashed line indicates the result where the cx loss

effect is added, Figure 1(2) shows that the fast ion losses,



which are caused by the loss cone and cx with neutrals, are
always positive and make the electric field more negative,

The boundary of the loss cone is also determined
selfconsistently by solving Egs, (1)-(10). Figure 1(b) shows the
loss cone boundary in the low field side. The solid line
indicates the self-consistent solution, while the dashed line is
the result in which the parabolic approximation is made. It is
noted that the influence of the orbit loss on E. appears orly in
the region r > 0.8a, although the loss cone boundary is given by

r >y and r*=0.3a.

(2.9) Influence on the Confinement

Recently various improved modes have been found. In the H-
node plasmas [25,261, the steep gradient is established only near
the edge. Other improved modes are characterized by peaked
density/ion temperature profiles[27,28]. Ve present a model of
improved confinement based on the influence of thexradial

electric field on the core confinement,

Model of Inward Pinch and Peaked Profile Modes

The inward particle pinch has been one of the mysteries in
the toroidal confinement. The neoclassical theory has shown that
the neoclassical viscosity can induce the particle flux in the
presence of the toroidal electric field, This is known as the

Ware pinch{15]. Experiments reported that this neoclassical



theory explains some of the observations. However, the inward
pinch of particles in experiments has shown much varieties, and
cannot be fully explained by the Ware pinch: The impressive
examnple is found in the case of the peaked density profile inm the
improved confinement such as the improved Ohmic confinement
(I0C). We here explain theoretical studies to understand this
phenomena, where the role of electric field is predicted to be
essential [28].

Density continuity and charge conservation in the presence
of the diffusion determine the structure of E.(r) and density
profile n(r). To obtain E.(r) in the presence of the diffusion,
the electron and ion fluxes are assumed to be anomalous due to
drift-type microturbulence of frequency, w, and poloidal wave
aumber, m. Applying quasilinear theory, T. is given in

a

Refs. [30,81]. The ion flux includes an anomalous viscosity flow,
Ti’v=(qR/ZerB)nimiVm VU‘V - (11)

(ge: viscosity)[82]. The continuity equation V'Fe,i,tot=se,i
closes the basic equations. The bipolar contribution of the
neoclassical flux and direct orbit loss are neglected here, which
are important for the phenomena near the edge and are discussed
in the next subsection.

The particle sources, $§ are localized near

and Fi. cx’

e, 1’
the edge and Se = Si (Ssnone<div>; where {6;v> is the ionization
rate). The normalized electric filed, ® (-aZeE /rTy), and its

shear part {E}(=E-const) are used. Simplifications are
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introduced as 7m=0 with Te = Ti and Up+0. D,p. and g are set to be

nuperic. In the core, where ng~0, T, 4.4 = 0 gives the relation -
2(lnn)’ = {E}+ C, iny (=r2/a%) coordinate. Ci(w<m/m>, {wr/m> is
spectrun averaged phase velocity,) is assumed to be constant,
which is determined by boundary condifions, For the boundary

condition at r=a, (dn/dr),._, = a/aj, Eq. (1) gives

a a2 Ig(/ua7u“r2/a2)
(B} = {{(— - —<& 'Cl) } (12
Ay 2Dy r-a INCTNPW

in the limit of A<<a (A: penetration length of neutrals) where
<8> = [mgng<eyv>dy/n,y, where v,= (1/2+1)a2R%p, /a%, vy =
(1+Z)Di/pi2 and p; is the ion gyroradius.

Figure 2 shows the density profile n(r) for various values
of up/ua and a fixed line averaged density. The profile of E. is
dictated by the parameter ”u/”a’ which indicates the diffusion
Prandtl number[33]. The more viscous plasma has the more peaked
profile. Viscous frictional force to the toroidalzrotation and
the poloidal magnetic field causes the FxB drift of ioms. Only
if the rotation flow is counter to the current direction the
inward drift occurs. The reduction of the edge neutrals leads to
the peaked profile., The peaked profile can be thus sustained
without particle source at the core. Associated with the density
peaking, the rotation profile also peaks. The SOC/IOC

transition[27] is attributed to this mechanism[29].

Physics Picture of H-Kode
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One of the most dramatic findings in recent plasma confine-
ment experiments was the H-mode[25,26]. It has shown the generic
nature of the edge plasma, i.e., that the nultiple states are
allowed for given external conditions, that typical gradient
lengths can be disconnected from the minor radius, and that the
transition has a rapid time scale. A possible mechanism of the
pultiple state of confinement was proposed by taking into account
the effect of the radial electric field. The field can be multi
valued by the loss cone[7]. The basic physics picture is as
follows. The gradient-flux relation should be multi-valued to ex-
plain the sequence of the transition; this relation should have
the form, which is schematically drawn in Fig.3. This multi-
valued form is possible at edge (not characterized by the
separatrix).

The stationary solution is obtained by solving Eq, ().
Figure 4(a) illustrates the case study that the bipclar part of

the anomalous flux,
Fa,e_Fa,i = (-n’/n+eEr/Te). (13>

The jump of T is predicted, by balancing the ion orbit loss

riorbit with T, .-T, . in Bq. (1), at the critical gradient

Pl /n = Ags

[
L]

and Ay~ 0(1) (14)

as 1s shown in Fig.4(b). This example shows that the singularity

12




of the transport property T'{Vnl can be explained by using a
continuous functionm of T[E, 1. An extensionm of the model is
possible by considering the bulk viscosity contribution in
FiNC[I7]. The bulk viscosity generates the force on ions in the

poloidal direction as

Fp " 'miniuiqzvpf(X). (15)

and
NC(s) _
Fi = Fp/eB. (16)

The function f(¥) is unity for |Y¥|<<l and behaves like exp(-12)
(plateau regime) or 172 (Pfirsch-Schluter regime){17,23]. Figure
4(c) illustrates the balance of Fiorbit = —FiNC(S), confirming
that the bifurcation can occur at a particular value of the edge
gradient, A, ~ 0(1). A variety of bifurcations is predicted.
When the electron term I', is negligible, the transition occurs
for a more mnegative B, and that for a more positive E. takes
place if I'y is important. This latter case occurs in the case
of energetic electrons (such as the lower hybrid wave heating),
in which T NC(a%) 55 effective [34].

The proposal of an electric bifurcation(7] was tested by
experiments. D-III D[8] and JFT-24[8] confirmed the existence
of a radial electric field. The transition can be excited by a
radial current driven by the probe and by an external

circuit[85]. The layer width is of the order of pp[9]. {They do
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not coincide. The relation between them is discussed im the next
subsection.) The nonlinear response of Fp to X is confirmed by
the biasing experiment[36]. Influence of the energetic electrons

has also been seen on JT-60 [37].

(2.3) Dynamics in _the Transition

The dynamics associated with the transition must be studied
in order to perform the complete comparison with experiments. To
quantify the nodel, it is necessary to study the nature of the
viscosity term in the basic equation. We write the Poisson
equation combined with the equation of motion as

gge, 88 /8t = e{ly - T} an

where ¢, 1is the perpendicular dielectric constant. RHES of
Eq.(17) vanishes in assuming that the stress tensor I to be the
diagomal.

Various types of edge localised modes (ELMs) are knowa in
experiments{38]. Some is correlated with the critical gradient
of edge pressure against the ballooning mode[39], and some is
not. The bifurcation theory provides a model for small and
continuous ELMs[40]. Hysteresis between Vn and T can generate an
oscillation ("limit cycle solution’). The dynamical equation
(17) is solved together with the continuity equation and the
mnodel equation T'[X. Vnl. A model equation can be formulated in

the form of the Ginzburg-Landau equation as [40]

14




an/at = (a/ax)D{i)an/ax, (18-1)

val/at = -NCX,a,n) + pali/ax? (18-2)

where D is an effective diffusivity, x=a-r, v is a smallness
parameter of the order of (pi/pp)z, p is the shear viscosity, and
N represents the current e[Tiorbit+riNC(S)-re] which contains the
nonlinearity and depends on both E. and Va. Introduction of the
shear viscositiy allows us to study the radial structure of the
barrier. (Note that mormalization is used as x/Ppex, D/Dg-D,
a/Dgan, /(s 2/D)t, and Dy being the diffusivity in L-phase.)

A sinplified model was studied where N(X,a,n) is given
N(X,g) (g=a/v;) and N(X,g) is nrodelled by the cubic equation as
in Fig.5(a). It is shown that the set of equations (18) predicts
the self-sustaining oscillation for a fixed value of the flux
from the core plasma. This oscillation is possible in a limited
area of the parameter space. Otherwise, either the high-con-
finement state (H) or low confinement state (L) is allowed.
Figure 5(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 phase of good confinement, the reduction
of D extends from the surface to the layer, the characteristic
width of which is given by n/Dpp.

The result of the layer width illustrates the importance of
the viscosity on the radial electric field structure. It is also

noted that the layer width is not necessarily equals to the

15



poloidal gyroradius, as is shown in Fig.1l.

(2.4 Convective Cell

The electric potential is not necessarily constant on the
magnetic surface: In this case, the poloidal electric field is
generated and the ExB convection causes the plasms flux across
the magnetic surfaces. This phenomena is known as the convective
cell. Since the potential inhomogeneity must be sustained
against the parallel conduction of electrons, this rhenomena is
characteristic to the cold plasma and to the stromely-localized
heating/cooling. Hence they are commonly observed near the
plasma edge. As is discussed irn §2.2, the edge plasma has
strong influence on the core confinement, and this phenomena also
needs careful studies.

Global instabilities such as MARFE[38] and detachment are
known. The energy loss by the line radiatior by light impurities
increases as the electron temperature decreases. fhus the
radiation loss can cause the thermal instability. The radiation
loss is modelled as Sp = -nenIL(Te), where n; is the impurity
density. Models on L(T,) and the dynamic response of ny with
respect to the perturbation are necessary to quantify the growth
rate. The latfer is usually denoted by the parameter &=-

By /0ty /ny)(T/T). Asymmetric thermal instability (m=1/n=0,

i.e., MARFE) can grow ifl[41]

np[al/aT+EL/T] > (% /(a-ry)%¢x, /q2R2), (19-1)

16




and
gngL/T > ,/a%R%, (19-2)

hold, where [rb,a] is the range of the analysis, where aL/aT is
negative and large. The inhomogeneity of the temperature along
the field line, T, is associated with the thermal electric field.
The region of the strong radiation of MARFE is negatively
charged.

If the condition Eg.(!18-2) does not hold, the poloidally sym-
netric mede (i.e., detachment) starts to grow. This picture is
often referred to as an origin of the “density 1imit". The
lighter impurities (for which aL/aT<0 for the lower plasma
temperature) leads to a MARFE, while the heavier one to
detachment (and then to disruption): These predictions are

consistent with experiments,
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§3. Fluctuation and Anomalous Transport

The other and important aspect of the influence of the
electric field on magnetic confinement is the fluctuation-driven
transport. Im this section, we survey some of recent progresses
in the analysis of the transport process by the electric

fluctuations.

{8.1) Blectric Fluctuation and Ancmalous Transport

The physics picture of the fluctuation-driven transport has
been reviewed in literatures (see for instance Ref.[1!,101). The
local coordinates is taken as in Fig. 6 for the inhomogeneous
plasma. In the presence of the electric field in the y-direction
{VnxB direction), the plasma is subject to the ExB motion in the
x-direction (i.e., density gradient). The step size of the
excursion is given as ﬁ=Ey/mB (o being the oscilla%ion freguency).
When the fluctuation is generated and decays with the
characteristic time of T.=1/7, the random walk with the step size
of & causes the diffusion of the order of D=7162., The level of
the fluctuation is also estimated. The fluctuations can grow
until the local gradient shows the flattening. This leads to the
estimate of #/n ~ eF/T ~ 1/k,L ., where the symbol ™ indicates the
fluctwation component and L, is the density gradient scale
length. Except & numerical coefficient of the order of unity, D

is expressed as[1]

18



D = T/k,°. (20)

This expression is called the mixing length estimate of the
turbulent transport. More detailed nonlinear treatment has
confirmed, at least qualitatively, these physics considerations
(42,431,

As is shown in the following, the decorrelation rate T and
typical scale length 1/k, are dependent on the plasma parameters.
This explains one characteristic point of the plasma transport,
that the plasma structure itself influences the transport
coefficients.

The other feature of the plasma is the interference between
the fluxes of the mass, momentum and heat. The magnetic
confinement plasmas are usually susfained by the energy source
near the axis. The injection of the energy (such as OH, NBI or
RF heating) leads to the peaked density profile or generates the
plasma rotation. (The example of the analysis is shown in §2.)
The relation between the fluxes and thermal forces are given,

using the transport matrix M, as [32,44]

re Xle
I¢/e = M eE¢/Te (21>
qe/Te -Te’/Te

and

19



Ty L4
P¢r/miVTi = l[ _2V¢,/VT].. (22)

where I' and q are the particle and heat fluxes, J¢, V¢ and E¢ are
the current, velocity and electric field in the toroidal
direction, respectively, P¢r is the radial flux of the toroidal
momentum, ' denotes the derivative with respect to the minor
radius r, vy is the therwmal velocity, and the thermodynamical

force Xl is defined as

X; = =n'/n + e B /T + T°/2T - e,Buw/kyT. (23)

In this expression, e;=e for ions and -e for electrons.

These relations between fluxes and gradients govern the
mixing in the transport processes. The impact on the density
profile is discussed in §2. That for the heat traﬁsport is also
derived. If omne studies the confinement near the core, the
energy transport is ofter dominated by the conduction. The
density gradient (and velocity gradient as well) is sustained not
by the particle source but by the off diagonal term in Egs. (21)
and (22). In such a case, the limit of T=0 is used to ¥yield{32]

- - - 2 ,

i.

The ratio between the heat flux and the temperature gradient is

20




often referred to as the effective thermal conductivity. This
result indicates that the effective thermal conductivity is not
the 33 component of the transport matrix but is influenced by the
off-diagonal elements. [Owing to the Shwartz inequality the tera
in the brackets [] in Eq.(24) is positive definite. However, the
absolute value can be smaller than Hgq. ]

Application of the theories to hot plasmas has been done
focusing on the drift waves. The tokamak configuration has the
averaged magneiic well. However, for the particles which are
trapped in the bad curvature region due to the foroidal field
inhomogeneity, the time-averaged curvature is unfavorable.

The diamagnetic drift direction of the trapped particles
coincides with that of the curvature drift, and the trapped
particles can destabilize the drift waves. The typical level of

the growth rate is calculated to give the transport coefficient

ir p: T
D=c/——1~E (25)
R Ln eB
where C is a numerical coefficient of the order of unity. Recent

transport theories based on the drift wave is given, for
instance, in [431].

L-node confinement has been observed in all tokamaks, where
the energy confinement {f{ime decreases as the plasma tesperature
(or the heating power) is increased [45,461. Microscopic fluctu-
ations have been confirmed to play an important role in anomalous

transport[181. The ocutcome of the theories on the low frequency
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fluctuations is compared to the experimental results. The
characteristics of the L-mode confinement is the power degra-
dation of 7p. This phenomena may be modelled by the relation % ~
T1.9/282, which has been derived for drift wave theories,
Eq. (25). However, this form of z contradicts to the radial form
of %, i.e., % increases towards the edge in experiments, where
the temperature is low. These facts require the basic recon-
sideration on the theory of the anomalous transport based on the
microscopic fluctuations.

Ohkawa’ s model, xmﬁsz/qR (6 is the collisionless skin
depth, R the major radius, g the safety factor and vy the Alfven
velocity), is one of the few models explaining that 2 is large at
high temperature and becomes larger towards the edge, as well[477;
it could not, however, fully explain the dependences of zp. The
very recent progress, which may resolve these difficulties, is

discussed 1n the next subsection.

(3.2) Model of Turbulence

We here explain the recent progress on the theory of the
self-sustaining turbulence. The importance of the self-
sustaining turbulence has been recognized[45-471, and the
analysis on the pressure-gradient driven turbulence has recently
shown a break through. The plasma transport process, in one
hand, eahances the mode growth through the current diffusivity
(i.e., the electron viscosity), while at the same time stabilize

the mode through the thermal conductivity and ion viscosity. The
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node growth leads to the enhancement of the traamsport coeffi-
cients. The self-sustained state is determined by the balance
between the mode amplitude and transport coefficients. In the
following, we describe the recent achievement in the theoretical
clarification on the self-sustained turbulence and anomalous
transport [501].

We analyse the circular tokamak and use the reduced set of

equations and keep the current diffusivity fterm in Ohm’s law,
E+va=J/6-V2AJ, (26)

where 6 is the conductivity and A is the current diffusivity
[51]. The ballooning transformation is applied, and it is found
that the current diffusivity., not the resistivity is the main
mechanisn to destabilize the pressure driven instabilities which
are relevant for the anomalous transport process, The growth
rate of the short wave-length mode, driven by the % ters, 1is
given analytically by T = x1/5(nq)4/5a3/53'2/5. [ﬁotations are:
T is the growth rate, a=q23’/e. e=a/R, s=ra’/q, B 1s the pressure

divided by the magnetic pressure, and denotes the derivative
with respect to r/a. We use the norpalizations: r/a»r, t/z,-t,
11Ap/a2+£, utAp/aZ»n, tAp/poﬁaqula, ArAp/an4¢x, rApqu/vA,
TrApaf‘] A1l the cross field transport coefficients are driven
by the fluctuations, and the expressions are discussed in

Ref. [10,30,42].

If the transport coefficients increase substantially, the

stabilizing effects of ¢ and A overcome the destabilizing effect
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of X The stability boundary is derived as
ad/2% = f(s)/ﬁtS/z (27)

where f(s)=/8s or 1.7 (s-0). This state is thermodynamically
stable: the excess growth of the mode and enhanced transport
coefficients lead to mode damping. When the mode amplitude and
the transport coefficients are below Eq. (27), the mode continues
growing.

From Eq.(27) we express t in terms of the Prandtl numbers
/% and /2 (note that % is proportional to the electron viscosi-
ty im the plasmza frame[51]) as t = a3/2(x/x)/?7ﬁ7f(s), The ratiocs
A/% and A/% are given to be constant. We have R/x=52/a2 and p/t
~ 1 for electrostatic perturbations[321. The formula for x is

finally obtained in an explicit form as
1 = £(s) la? (e /03 262y, /R . (28)

The typical perpendicular wave-number of the most unstable mode
satisfies k|6 = 1//e.  The typical correlation time of the mode
is estimated to be T,/ 7, ra/&7€§(vA/qR).

This form of t is consistent with the experimental resulis
known for the L-mode. For instance, the point model argument of
the energy balance, rE=a2/x and 2n2a2RneT=tEP, provides the

scaling law
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where C is a numerical coefficient and lp is the gradient scale
length (uT)/|V{nT)|. This result is consisteat with the L-mode
scaling law, including the dependences on a, R, I, P, A (ion
mass number) and internal inductance[52]. Detailed comparison is
given in Ref.[50}, and the future study ia application of the
data-analysis is required,

It is noted that the typical wavelength and correlation
times of the mode are calculated. k p; is of the order of 0.1 or
less (p; is the ion gyroradius. ) It should be noted that, though
the dimensional relation k = [BI/[/T] holds, k, does not scale
with the Jfocal gyroradius. The collisicnless skin depth would be

a more relevant length. The typical time-scale 7, depends on the

average temperature, not explicitly on L, and B,

(3. 3) Influence of Radial Blectric Field on Fluctuations

The important role of radial electric is described in §2.3
in connection with the improved confinement of the H-mode.
Theories have also predicted that the inhomogenecus radial
electric reduces fluctuations in the H-mwode [7,17], and the
explanation of the reduced fluctuations after the transition has
been studied. The theory on the reduction of the low freguency
fluctuations [22,53-56] has been either the linear theory, or the
nonlinear theory of the fluid turbulence. We here briefly

describe the recent theories on the radidl eleciric field effect
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on microscopic fluctuations.

The effect of the inhomogeneous radial electric field on
kinetic interactions has been discussed by Timofeev (571, and it
has been found that the Landau resonance can be caused by the
inhomogeneous ExB drift motion. ?his model has been applied to
the stability of Bumpy torus and mirrors and has succeeded in
explaining the effect of the radial electric field on the low
frequency instabilities [58-60]. These theoretical predictions
have been confirmed by the experimental observations[61].

¥e explain the B, inhomogeneity effect by taking the example
of the linear stability. In the linear theory, the growth rate 71

can be approximately given as
T = TO - TLD (30)
in the case of T((mr, where T is the drive by electrons, 1D

18 the Landau damping by ions and @, is the real frecuency. The

Landau damping term may be written as [60]

2, 2 2
Jn/2(1+Ti/Te) wy “Ag ©pg
T1p - 3 exp[- ] (31D
(13T /To-Ag)° [Rypy | R¥VTi
with w, = m*[AO/(1+Ti/Te*AO)+a1] and
2 .2 2
RE = kyp o+ (kypyog/ag) (32)

where Ag = Io(b)e_b with b= kzp2

yPi- Here ¢y | are defined as
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aOE-Anz(e/Ti)(dEr/dx) and mls(eEr/Ti)(n/n’), respectively.
Parameter ey indicates the Doppler shift, and oy causes the
important modification of the effective parallel wave number.

The stability boundary is estimated by balancing the growth

by electrons and ion damping. For TezTi,

1 -1 Az 9 9 1 TO
exp{-4A /ao } > — — (32)

2-Ag AyD’ legg | V2T

is required for stability, where A = (-Ann’/n)AO/(1+Ti/Te-A0).
(Eigen value Ann’/n is determined by the nonlocal calculation.)
Generally, we obtain two roots for |el from Eg.(32). The drift

instability can be suppressed in the regicas of |a0|>ac

-1/2
o, = ALAn( Zﬁm*/TO)] . (83)
The gradient influences the mode amplitude in a similar
ways. Nonlinear theories on the filuid turbulence have suggested a
simple and useful criterion, which is given that stabilization is

expected if [62,83]

[E. kg/Bk, | ~ 7 (34)
where Ty is the linear growth rate in the absence of Er’. Since
the logarithm in Eq. (83) has only weak depvendence, Egs. (33) and

{(84) give similar results. Recent progress has shown that the

curvature of Er has more strong influence on the stability and
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saturation level, and an intensive study is underway[53.64].

The anomalous transport can be reduced in two ways. The
anomalous transport coefficient D by drift wave instabilities has
been estimated as D = Frk 2, where the form factor F is a numeri-
cal coefficient of order of unity[62,63]. The reduction of the
growth rate by the enhanced lLandau damping decreases the anoma-
lous transport. Nonlinear studies has evaluated F, and F is
reduced by the inrhomogeneous radial electric field, One may
write as D = DO(F/FO)(TRLZ)/(TKLZ)D, where the suffix 0 denotes
the value in the absence of the radial electric field inhomoge-
neity. The dominant contribution in F/F0 is discussed in [56,62]
and is obtained as F/Fozl/{1+(29&m/ky21n2TD)Z}. Combining the
«y-dependence of the linear growth rate, we have ap approximate

formula of D/DO as

D o, /2 AL a2 !
SOV B P i dadid exp[~—] 5 (35)

The terms in round bracket come from the linear contribution, The
effect of the parameter &y on the iinear growth rate causes 2
sharp reduction of the transport coefficient when the parameter

g approaches fo o the critical value for the stabilization.

CJ

It is also discussed that the microscopic fluctuation can
generates the shear flow. The quasilinear contribution of the
fluctuations cn the radial electiric field is discussed in 82. 2.

The other non-limear processes, such as the inverse cascade of

the fluctuations, can alsc generate the shear flow[64-661].
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84. Summary

In this article, we surveyed the on-going theoretical
researches on the plasma confinement, illustrating the roles of
the electric fields on the toroidal plasma confinement. The
effect on the confinement can be generated either by the
static electric field itself, through the introduction of the new
thermodynamical force, or by the fluctuations. The influence is
wide in variety of the observed phenomena and of the physics
nechanism, The present pictures in the confinement theory
extend. further and wider than those presented here., The
exanmples in this article would be illustrative how strong is the
impact of the electric field in the magnetic confinement. (If
one also reviews its influence on the impurity behaviour, the
impact is evaluated to be stronger,) In summarizing this survey,
Fig. 7 illustrate the mutual relation between the electric field
and confinement. The research in this direction regquires future
continued efforts.

Based on these present progresses, the comprehensive study
which unifies theories on the static electric field structure and
on the fluctuations will make a ccnsiderable progress in the near
future. In promoting such studies, the theories are not only
improved through the test with experimental observations but
also ianspired by inspecting experimental observations. The
experiments using the method of the heavy iom beam prcbes have
contributed significantly 2nd uniquely to test these thinking

gquantitatively, or to create these modern plasma physics. Thus
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the establishment and elaboratiorn of the heavy ion beam probes
have been inevitable to the progress of the plasma physics in the

fusion research,
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Figure Captiomns

Fig. 1 Radial electric field profiles are plotted for the high
density case of CHS plasma (a). Loss cone boundary for the
particle of Wb=18keV is shown in (b). TFor the experimental

parameters, see Ref.[24].

Fig. 2 (a) Density profile for various values of /F;TE;’(from
0.1 to 10) for fixed value of 4y (Ap=a/a,-C -a<8>/Dg;
incresent of 4, denotes the reduction of the edge neutral
density.) (a), and flow velocity ( normalized to vTipp/a )
(b) Radial profile of the static potential corresponding to
the shear flow., (c) Density profile for various values of

AO (3, 5, 10, 20) for the fixed values of ua/up(=1).

Fig.3 Schematic model relation of the gradient (V¥r, VT) and
flux (T, q) for the edge plasma, in order to éxplain the
rapid change of the energy loss at the omset of H-mode
transition.

Fig. 4 Balance of loss cone loss riorbit and electron loss T,

determines the radial electric field X= eppEr/Ti (a). TFor

the case of 4 (small A=ppn’/n), one large-flux solution is

allowed. Multiple solutions are possible for the medium A

case (B and C), and the one small-flux solution is allowed

for large value of a (D). The resultant flux as a function
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of A is shown in (b). The characteristic response in Fig. 4
is recovered. ¥hen the electron loss tern I'. is negligible,
the ion viscosity-driven flux —FiNC(S) and Fiorbit

(solid and dashed lines, respectively) determine the radial
electric field (c). The function I'(a) shows the similar

response as in (b).

Fig.5 Model of the effective diffusivity D (D=-T/Vn) as a
function of the gradient parameter x/v; (a). Transition
occurs at points A and B'., Two branches H and L are shown.
The predicted oscillation, for given constant flux from
core, is shown in (b). The profile of D at the two time
slices (arrows in (b)) are shown (c). x=0 corresponds to

the surface, and x<-2 to the core plasna,
Fig. 8 Local coordinates for the inhomogeneous plasna.
Fig. 7 Schematic diagram between the radizl electric field/

rotation, the radial current, amomalous transport, aad

plasma fluxes.
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