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abstract
A model of Edge Localized Modes (ELMs) in tokamaks is pre-
sented. The model of the L/H transition, whieh is based on the
electrie field bifurcation, is extended to include the temporal
evolution and the spatial strueture. The existence of the elec-
trie field bifurcation infers a hysteresis curve between the
plasma gradient{thermodynamic force) and the loss flux(flow).

The time-dependent Ginzburg-Landau equation is formulated for the
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electric field development, in which a 1imit cyclie solution due
to this hysteresis is contained. The seif-generated osceillation
of edge density appears, associated with periodic bursts of the
loss, under the condition of constant particle flux from the
core., This is attributed to the small and frequent ELMy activity
in H-mode. Periodic decay and re-establishment of the transport
barrier occur. This oscillation appears near the L/H transition
boundary in the parameter space.

it is found that in H- and ELMy-H—- states, the edge region
forms an intermediate radial structure of diffusion coefficient
{mesophase) between H-phase and L-phase. This is attributed to
the transport barrier. Its radial structure is dictated by the
ion shear viscosity. The diffusion Prandtl number, the ratio of
the viscosity to the diffusivity. is found to determine the
thickness of the barrier.

Phase diagram of L-, ELMy-H, H~ and L/H bistable-states is
obtained on plasma parameter space. To consider other tvpes of
ELMs, transient responses tc the perturbations of the {lux from
the core are studied in each phase. In low collisionality plasma
a sudden decrease of the flux ean cause the transient bursting of
a few ELMs before the L to I transition is completed. Large
scale pulse from the core causes the transient return tc L-phase
and a giant burst occurs in high collisionality plasma. In ELMy-
H state, external oscillaticns cause the mode-locking and other
complicated dynamies (such as period doubling, trebling, and
intermittent bursts). The perturbation in the flux widens the

parameter regime of the oeccurrence of burstings.



§1 Introduction

Edge Localized Modes ( ELMs ) are regularly observed pheno-
mena, characterized by the sudden drop of the edge density or
temperature with a burst of plasma loss, during the H~phase in

1,2),

tockamak plasmas The ELMs have shown a variety in the magni-

tude and frequency of the bursts. The experimental charscteriza-
tion has begun and is under way1’3'11). Nevertheless, the key
physical mechanisms discriminating the various ELMs remain uniden-
tified.

A ELM with small and frequent periodic bursts has recently
atiracted attentions. This is because, at present, the improved
eonfinement compatible with the efficient ash exhaust is only
found in this operation mode.z The parameter regime, where this
kind of ELMs appears, has been found near the L/H transition

boundary.s’lz’la)

The physics understanding and the searching
for the method to control ELMS are the urgent task.

The ceritical-g analysis due to MHD ballooning mode®’ has
been applied to explain the ELMs. The analyses have shown that a
class of ELMs occurs below the eritical-g condition. Resistive

MHD analysisB)

on a surface peeling mode may explain some of
ELMs. However, the assumed current-pressure profiles are not yet
experimentally identified. There remains a question whether all
of ELMs can be explained by MHD instability models. For instance,
the soft X-ray emission profiles of ELM activities do not shift

when the surface q value is varied from 2.4 to 5.6,3) which

indicates that the ELMs are not necessarily localized at a cer-



tain rational surface. Furthermore, the period and the duration
of small and frequent ELMs as well as the condition for the
appearance remain unexplained.

To model the ELMs, a different approach has been made by

14)

introducing the impurity aecumulation The impurity aceumu-

lation changes the electric field, and a cyelic oseillation

between L and H phases takes place. However, the impurity accu-

3,7)

mulation can be econsidered as the independent phencmena and

should be treated separately.

Based on the bifureation theory on the L/H transiti0n15—18),

we have proposed a new and more complete model theory19’20) of

small and frequent ELMs observed in JFT-2M. The L/H transition
has been observed to have a hysteresis eurve on the phase plane

of the thermodynamic force (such as density/temperature gradients)

and of the associated flows of particle and heat.l:3)

15-18)

The pre-
vious theories are based on the static and 0-dimensional
model of the transition through the bifurcations of the radial
electric field and/or the poloidal rotation velocity. The bifur-
cation is dictated by the net radial current free condition. The

current can be induced by the ion losscone 103315‘18),

13)

by the

anomalous electron loss by the ion Viseositle) by the

21)

electron ripple loss as well as by the external biasing.

22_27), and have con-

Experimental observations have been done
firmed that there occur the changes in poloidal rotation and in
radial electric field, associated with the L/H transition. DIII-

D has shown that E_ jumps to a more negative value?2?) (r being

the minor radius). JFT-2M has confirmed the E, change and re-



vealed that dEr/dr becomes more negativega). Active biasing

experiments on coT23) and TEXTORZ26) have shown that the L-H
transition ean be induced by both the positive and negative
biasing. The rapid ehange in ion orbital loss of high energy
part has recentiy been observed during the L/H transition on JFT-
om.27) From these researches, it is understood that the L-H
transition involves sudden change dE./dr and that, regardless of
the sign of E., a picture of the bifurcation between multiple
states is supported. The new model of the ELMs, which has been
extended from the bifurcation models so as to include the tempo-
ral and spatial evolutions, has suecessfully shown that the
bursts of the loss flux occur periodically owing to the hystere-—
sis in the transport eoeffieientlg'zo).

In this article, the self—sustaining oscillation is further
studied. Based on the fact that the ELM's activity analyzed in
Refs.[19] and [20] corresponds to a class of dynamic response of
the H-mode, we analyze the temporal evolution of the L-mode and H-
mode and examine the differences in the responses. Basie equa-
tions consist of the temporal evolutions of the electric field
and the density, where the one-dimensional {(i.e., radial) varia-
tion in space is kept. The region for appearing the self-gener-
ated oscillations 1s identified in the parameter space. The
parameter dependence of the characteristie frequeney is studied.
The radial structure of the transport barrier in the H-phase is
investigated and is compared with the L-phase. The important
role of the ion shear viscosity to diectate the spatial structure

is emphasized. We {find that the diffusion Prandtl number, the



ratio of the viscosity and the diffusion coefficient, determines
the barrier width. If this number is large, a thick transport
barrier is formed, which would enhancece the global eonfinement
times. Some behaviors of the bursts and the parameter regime of
their appearance are consistent with the observations on the
small and frequent ELMs(near the L-H boundary)11"13’19}.

The dynamie response of the edge region to the external
density modulation is analyzed. Three types of the perturbations
in the filux from the core are considered; 1) a step-like change,
2) a pulsative ehange and 3) a sinusoidal oseillation. A step-
like change can predict a few ELM's bursts before the final
L/H{(H/L) transition. Density pulse from the core causes the
transient return path from the H-phase to the L-phase in the edge
region. This process c¢an prediet both types of the bursts; that
of the self-generated oscillations for a finite period and that
of a large scale. When the modulation contains an oscillatory
component, the mode with bursts which is locked to the external
fregquency (or to its harmonics) appears. If the modulation
contains a random noise, the self-generated oscillation can be
chaotic.

The construction of this article is as follows. In § 2, the
model of the analysis is presented. The extension from the
previous static analyses is shown. In §3, the one-dimensional
transport equation is solved. Temporal and spatial evolution of
the transport barrier is studied. In §4, the dynamiec responses
to external modulations are studied. Summary and discussion is

given in the final section.



$2 The Model

The thin layer near the plasma edge, inside the outermost
magnetie surface, of tokamaks is considered. The characteristiec

thickness of this layer is several times of the ion poleidal

gyroradius, p- In this region the bipolar particle fluxes play
an important role in determining the transport coefficient through
affecting the radial electric fielqid-18),

The static and 0~dimensional{0-D) model of the H/L transi-
tionlo-18) predicts the bifurcations of the radial electrie field
{(or equivalently, the poloidal rotation). The net radial current

free condition, J.=0, determines the electriec field. The current

consists of electron and ion currents and the external one as

(e,i} €
Jp(boundary} = Edgorpit * Jeonv * Jbv * Jex * Iripple
* Jext
{e,i)

where Jorbit’ Jaonv’ Ibv: Jex and Jext? which have the E, and Er'
dependences, correspond to the currents driven by the electron or
ion orbit loss(denoted by superscript, e and i), convective loss
due to microscopic fluetuations, the bulk ion viseosity, the
charge exchange loss, the ripple ioss of eleetrons, and the
externally injected current, respectively. Processes which are

prominent near the plasma boundary are to be taken inteo account.

When we identify and choose the dominant contributions to the



radial current, we find the solutions cof Er' Some solutions
have multiple state, and the bifurcations of E  and E.' are

predicted. Depending on the conditions imposed, the positiveis’

16,21) as well as the negativelT’lg)

jumps are predieted. The
particle flux ' and the transport coefficient D, which is defined
by -Irn/yn (where n is the density and v is the gradient operator),
are calculated as a function of the gradient near the plasma
boundary. As the consequence of the nonlinear relation between
the particle flux I' and the density gradient, an S-figure curve

is obtained as in Fig.l. Shown is the case for Jp=d +

orbit
Jagny and Er'=016). Even if E,"»0, a similar phase curve as in
Fig.l is obtainedlB). In both cases, the discontinuity of the
flux occurs when the gradient parameter, = pplvn/nl, reaches
eritieal values A and Age Tﬁe ¢ritical values depend on the
relative electron loss rate to the losseone loss rate, d =
/E7§De/uipp2, where a/R is the inverse aspect ratio, De is anoma-
lous electron diffusion coefficient in the L-phase, and vy is the
ion collision frequency. In both cases of Refs.[14] and [16] the
transition condition is roughly estimated as das1.

In the following, we consider the plasma of one ion species.
The temperature is assumed to be uniform and constant. The
effeet of the temperature modulation is eliminated. Compared to

the radial variation, the poloidal and toroidal variations are

assumed to be small.




§2.1 Dynamical Equations

In extending the static mode! to the dynamical transport
model, the transport equations for the electric field and for the
plasma density are considered,

The equation dictating the temporal evolution of the radial
electric fileld is given from the momentum equation of the poloidal

direction, which is consistent with the Poisson's equation as,
£ 89 dE,/dt = - J, (1)

where ¢, is the perpendicular dielectric constant of the magnet-
ized plasma, in which the ion polarization current is ineluded
(§L= 1+62/VA2; vy, is the Alfven velocity and ¢ is the speed of
light). To study the radial érofile of E., the viscous current,

J driven by the shear viscosity, By is included in Jr as,

V’

Jr = Jr(boundary) + Jy, Where

Iy = V leppn;/vp; 1 V(EL/Bp), (2)
and we obtain,

Jy is the normalized quantity of the radial current at the bound-
b
ary, J_.{(boundary), vm; is the ion thermal veloecity, B, is the
r Ti D
poloidal magnetic field. As has been shown in Refs.[15-21], the

nonlinear dependence of J,. on E, and E," gives rise to the bifur-



(1)

cations of ['{x). For instance, J orbit 18 approximately given

as

J(i)orbit = [Cgnjujpp//a/R] exp (-2}, (4)

where Z is the normalized radial eleetrice field, and the coeffi-
cient Cp is a constant of the order of unity.

Z = C Eppn/T; - 2 (5)

p
where constants C and Z0 are introduced as adjusting parameters.
The dominant mechanism of electron loss determines the type of
spontaneous transition. Depending on the loss mechanisms, either
L » H (the change of Er associated with the transition, AE,, is
negative, AEr<0)17'18) or L » H+{AEr>0)15’21) is possible. In
either case, the important physics ingredient is the hysteresis
curve in the phase diagram of '-x. And in both cases, the curve
similar to Fig.l is obtained. To obtain the analytic insight to
extraet the key physics, we choose an approximate curve as the
model form for Jr' A model S-figure curve of the cubie equation,

with
J.(boundary) = J| J,(Z;g), (6)
where, J1 = eCFniyipp//a/R ~ ny, (T/rB) and

Jy = N(Z;g) = g—g0+[323—azl (7)

10




g = da, (8)

is employed. The normalized collision frequency y, is the ratio
of y; to the bounce frequency of ions. Parameters o880 in
Eq.(T7) are introduced for the approximation of the curve to
simulate the physics process of concern. Parasmeters g and g
dictate the sharpness at the ridge points A1 and rp in Fig.1l, and
also their sign determines the type (HY) of the transition. The

parameter g is given as
g = ppn‘/nu*, (87)

and g, denotes the point of infleetion in the curve of F(jyn/n]).

In the normalized form, Eq.{3) reduces to

8% 9 222
e == (D, /dp, ) (Z;8) + p;
st e p b i ax?

(%)

where the coefflicient ¢ is approximated as
- 2,.,2 2,2 2 ,p2
o (1rv,“/e }Bp /B o Bp /B<,

and we take g to be a smallness parameter.

When the plasma parameters and density profile are given,
the value of g is determined. Solutions Z[g] are obtained through
the net current free condition, Jb(Z;g) =0, in the 0-D static

15-18,21)

models The curve of effective diffusivity D(Z[g]) as a

11



function of g is schematically shown in Fig.2. The hysteresis
curve is projected on D-g plane and transitions oecur at certain
values of g, i.e. gqm 20d gy In the radial extent of x, where
<8 (X)<gy, the bifurcation is possible.

The density development is deseribed by the eontinuity

equation,
an a on
—= —D{Z[g]) — (10)
at ax ax

where the particle source is neglected in the region considered

here, and the flux is given as the boundary condition.

§2.2 Boundary Conditions

The slab region near the plasma edge is of our interest,

-L<x<0. At the edge (x=0), we impose the constraint, that is,
(n'/n)1n? = const. <(at x=0) (11)
The condition (i1} is chosen based on the two-dimensional trans-
port analysis on the scrape-off layer (SoL) plasmaga). The edge
gradient was found to be less affected than the density itselfl

even if the flux into SoL is varied. The particle flux from the

core plasma {(at x=-L) is treated as a parameter as

I =TFiq- (at x=-L) (12)

12



§3 Solution of Self-generated Oscillation

§3.1 Numerical Model Equations

A set of equations are described in dimensionless forms as

an ] an
= D{Z) , (13)
at ax ax
Y/ 322
g —— = -N{(Z3g) + p— , {14)
at ax2

where the modelled D(z) and the nonlinear term N are given as
D(Z) = (Ppax*Pnin?’2 * DPpaxPpin’/2-tanhZz, {15)
N(Z,g) = g-g8p+[pZ3-aZ]. (18)

In the parameter regime of our interest, tanh Z ~ Z holds. In
order to study the distinction between L and H, we only keep the
7Z dependence in D, therefore, the radial profiles of Dmax and

D

mnin are taken to be uniform and constant. Normalization are

employed as,
2
x/pp - X, D/DO -+ D, dpi/DO OTIN tDolpp -+ t, and rpp/DOnD +T.

ng is chosen to satisfy gg=1 and g = 3n_2(dn/dx). D, takes a

typical value of the L-phase. The coefficient g is the diffusion

13



Prandtl number PD 29). Parameters €p» oy g and p are assumed to

be constant.
Equation (14) is a kind of time dependent Ginzburg-Landau
equation,30) the one whiech is used to analyse the reaction diffu-

sion system in chemical reactions.

§3.2 Perjodiec Formation of the Transport Barrier

Solving Eqs.{(13)-(16) with the boundary conditions Eqgs.(11)
and (12), we find the scolution with the periodic oscillations of
the edge density, nS:n(x=0), and the ioss flux, Fgut> though I'in
is constant in time. {F'gut 1s defined as the particle flux at
x=0.) The self-generating oscillation is found in the restricted
region in the parameter space, i.e., near the transition layer of
the L and H phases. In Fig.3l(a}, {b) and (c¢), we show the

temporal evolutions of the edge density(a), T (b) and their

out
Lissajous figure(e). We take gop=1, «=0.2, p=0.2, Dpax=3>
Dhin=0-01, pu=1, £=0.01, r, = -n/n' (at x=0) is chosen to be 1.25,
and the constant flux at x=-L, T'in = 3.

In Fig.3 (d) and (e), the temporal! change of the radial
structures of the density and the effective diffusivity are
shown. The diffusivity of L-phase is almost uniform, being eclose
to D, in this analysis and is shown by the dashed line. The
structure of D in H-phase shows that the typical value of H-
phase(lower branch in Fig.2) is only realized at the edge, and
that the existence of intermediate state of L and H phases, i.e.,
the transport barrier with a finite extent, is seen in the radial

structure of D. We call this mesophase. Associated with the

14




ilemporal change of D from H-phase to L-phase(Fig 3(e}}, the burst

of the flux, T occurs. The state found here immanences the

out?
spatial region of the mesophase of the diffusion cocefficient
between the L. and H phases. The temporal-spatial developments of

the density and diffusion coefficient are shown by the bird's eye

view in Fig.3 (f) and (g).

$§3.3 Phase Diagram of L, ELMy-H and H-modes

In the space of the global plasma parameter, the oscillating
solutions are only found near the transition boundary between the
I and H phases. We attribute them to the small and frequent ELMs
of the ELMy-H mode. The time-averaged density and the outflux are
the intermediate values between those in L-phase and H-phase.
Figure 4 illusirates the frequency as a funetion of rn{uA'l).

Four regions are identified on the parameter space, namely,
the low flux state, the state with periodie bursts, the high flux
state and the bistable state of Jlow [lux and high flux. We ecall
them, in the following, H-state region, ELMy(or ELMy-H)-state
region, L-state region and bistable-state region, respectively.
The phase diagram on (d—x//f}n} plane, corresponding to the model
of Refs.[15,16], is shown in Fig.5. The parameler region in

which the ELMy-H state appear is generally found to be
2
Dn/8m < I'inTn” < Dy/Epn» (17)

where

15



gn= Eg-28(a/3p)%/2, (18-1)

gy= Eq+28(a/3p)%/2, (18-2)

D,=D(Z=/«/38), (18-3)
and

Dy=D(Z=-/a/36) . (18-4)

When I'; |, becomes large and/or the edge density gradient(rn_l) is

small so as to satisfy
Tintn2 > Dy/ | (19)
infn M/ B>

we {ind the stationary L-state. On the other hand, the H-state is

found in the parameter region

TinTn® < Do /8- (20)
If the condition

Dm/gm>DM/gM (21
holds, there appears the bistable state. Bistable region is

shown by the hatched region in Fig.5. In such a case, direet and

hard transition form L to H phase (or viee versa) oceurs.

16




£3.4 Structure of Transport Barrier

Transport barrier with a finite radial extent is formed and
is sustained in the H-phase. In the ELMy-H phase the periodic
formation/destruetion of the barrier takes place. It is known
that the viscosity p makes the radial structure of D be smooth
29,31) | Both in H and ELMy-H phases, the thickness of the

barrier, A, 1s estimated in small p limit as

A~ /2an/n. (22)

Numerical caleulation gives A«“0'44 and confirms this estimate.
{(see Fig.6).

Note that the barrier width A is different from the width of
the density profile change(deﬁsity pedestal). As is shown in
Fig.3(d,e), the variation in the density profile propagates
deeper than the barrier width of D. The thickness of the trans-
port barrier is determined by the viscosity, and the system size
L does not affeect either the frequency of seif-generated oseilla-

tion or A.

§3.5 Period of Oseillations

The frequency of the self-generated oscillation in ELMy-H
region r_l, is studied. Results for the model of Refs.[15,16]
are shown by contour lines (dotted lines with numbers) in Fig.5.

(The period ¢ is normalized to pp2/D0.)

The numerical computation gives

17



7z ~ Car aDy L, (23)

where C is a numerieal coeffiecient of the order of unity (C~3.53).
The dependence on A is also confirmed.(Fig.8(b)) TFor the exist-
ence of oscillating solution, the value of Finrnz is bounded as

is given by Eq.{(17). If Dy(~d in Fig.5) is varied, keeping the

ratio rn2/DM and other parameters fixed, we have
-1 0.5 _
T «DM . (24 1)

On the other hand, if [, is varied, keeping the ratio rinrn2 and

other parameters fixed, we have
r—la< 0.5, (24-2)

The ratio of the time interval of good confinement g to the
period ¢, n=zH/r, represents how this oscillating state is close
to the H-mode. (In the H-mode, %=1 holds; »=0 for the L-mode).
Figure 4 also jllustrates 5 as a function of r.. 7 takes an
intermediate value between one and zeroc, being a decreasing

) 9 : : . R
function cof Tintp™s and is discontinuous at the boundaries Dm/gm

and Dy/8y+ For oscillating solutions, 7 takes the largest value

2_

at I'ipln“~ Dy/8,,, and Tmax @PProaches to unity if D becomes

Tmax infn
close fto Dnipe This tells us a possibility to control the ratio

of the pulse width and the period.

18




§3.5 Correspondence to A Transition Model

The relation between coefficients (g, g, D

max’ Pmin’ 2nd the

plasma parameters is considered with respeet to the model of
Refs.{15,16]. 1In this model, relations

dy ~ 1 (at a=aqldD) (25-1)
and

da + 2aZexp(-x%)  (at a = agrdD) (25-2)

hold as a rough estimate. At the transition points, A1 and A9

we have the approximate reiations

2 2dQ
By = g = {26~1)
M g M 14dq
and
a2 d
Dy = d{l- —} d. = — (26-2)
M 9 m ZQZ
where
Ze 1 2e
Q = Jin(—) + —an|en(—)| . (26-3)
d 2 d

19



In the parameter regime of our interest where tanhZ -~ Z holds, «
and g is implicitly expressed by d as o= 3h{(1-dQ)/{2(1+dQ)}, and

h = /3a/«. In this ease, Dmax and Dmin are expressed as

= d(1-d2/2)(1+h) +(1-h)Q~2/2 (27-1)

il
I

o}
1

min = 4(1-d2/2)(1-h) +(1+h)qQ~%/2. (27-2)

If other bipolar loss is dominant to cause J,., parameters (ua, g3,

D and D

max’ min! May have other dependences on plasma parameters.

20




§4 Transient Responses and An Application to Giant ELM

Variety of dynamie responses to external perturbation are
found in each phase from model equations. 1In this section, we
examine the respeonses associated with the modulations of the
particle flux Tin- Three types of the perturbation are consid-
ered, i.e., 1} a step-like change, 2) short pulse, and 3) period-
le oscillations in the flux, I'; . These dynamical perturbations,
for example, open up the paths on a phase diagram of Fig.5.

Cases are shown below.

$§4.1 Step-like change

Suppose that the plasma edge is initially in the L-phase, (A
peint in Fig.7}) and that the influx is suddenly reduced to the
level of H-phase for the other fixed parameters. Then the edge
plasma follows a trace A - A' and finally reaches to a stationary
H-phase. 1In this case, the plasma passes the ELMy region along
the line, a few seif-generated ELMy pulses appear before the H-
phase is established. The numerical calculation from our model
is shown in Fig.8. The edge plasma is initially in the L-phase
{at t=0, Finzﬁ) and the I'j; is suddenly reduced to 1 at the
coreside of the edge plasma(x=-4)(see Fig.8(a)). Then we observe
a few periodie bursts in the outflux from the plasma surface(x=0)
(Fig.8(b)). The time delay is due to the radial transport of the

flux. Associated with this dynamical change of T the edge

in®
takes place the transition te H-phase. The radial structures of

the density and D are shown in Fig.8(e and d) respectively. This

21



case is seen when the plasma takes the path on the diagram(Fig.7),
similar to A 5 A", Inverse process{(A' - A), namely, the H-phase
» A few ELMy state - L-phase, is also possible.

If the initial influx corresponds to the H-phase and the
final one is for the ELMy-H state, a path like B 5 B' is opened
in Fig.7. In Fig.9, the case is shown where the flux I'ijp Is step-
likely increased at t=0 from ['jp=1 to ['p=4. The bursts of
higher frequency appear before the steady bursts continue to
oceur. Along the path B 5 B', the characteristic frequency of
the oscillations becomes lower as is shown by the contour lines
in Fig.7. This is observed in this ecalculation. Note that the
state during a few ELMs is net either in the L-phase or in the H-

phase. An inverse process is also possible.

§4.2 Pulsative change

When the positive pulse in particle {lux is supplied from
the eore for a short period, a few ELM's bursts appear. The
model calculation is shown in Fig.10. The density pulse with its
hight [;jp=4 and its period pAt=2 is applied to the H-state (I =1)
at t=0. The path like B 5+ B' 5 B is opened, and the plasma final-
ly comes back to the original state, after bursting the pulse in
the form of a few ELMs. This is shown in Fig.10. Depending on
the fluence of the pulse, AnsAT; At, the response changes. If
the pulse is too small for the edge plasma to cross the boundary
between the phases on the diagram, the edge remains the same

phase and just a small modification of the outflux appears.

Similar arguments apply to the negative pulse of the partiele

22




flux.

If the plasma takes a small value of d;/57ﬁDe/yipp2, the
hard transition takes place in high » bistable region.(Hatched
region in Fig.5) The small value of d is realized when the
plasma is collisionai{high density) or ion loss channel dominated

(i.e., electron loss, D is small), and/or small By case ete.

o
Neayr this regime, a different impulse response is seen. If the
plasma is initialiy in the H-phase(C point in Fig.8), the large
pulse of I';  causes a giant pulse of the outflux. The edge

plasma experiences the one cyele of the hard transition curve as
schematically shown in Fig.2.(B » B' o A' » A 5 B). The radial
change of the effeetive D, namely I'=-Dyn, and the density profile
are plotted vs time in Fig.ll. The resultant outflux is also
shown as a funetion of time. ‘Even if the plasma is deep in the H-
phase, the large influxXx can cause this kind of giant pulse asso-
ciated with the density increase near the edge. In this case

I'ip increases and d decreases. This is attributed to a Giant ELM

activity. Therefore, some ELMs are possibly considered to be the

responses to the changes of the flux.

§84.3 Periodic external oscillations

The regular temporal change of the flux is driven by saw-
toothing from the core. When the plasma is rotating with the
heliecal deformation, the periodie plasmaswall interaction causes
the modulation of the particle fiux even from the outside.

To simulate both of the external perturbations, we reduce

the 1D model to 0-D model. The I'in is projected to a parameter
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S(=I';p/h, where we take A to be the averaged value of A, being

constant in 0-D model). We introduce a temporal change in § as
8 = 83 + egg-sin(ZnQt). (28)

Coeflicients Sy, e¢ and  are constant in time.

We study the effect of an external oscillation near the ELMy-
H reglion ,e.g. along A~A' in Fig.7. The applied frequency is
close to the self-generated one, Q ~ 1. Figure 12 summarizes the
results on the phase diagram in Sowgf plane. The change in 8
corresponds te the change in [ip- AS €1 increases, the region of
oscillating solution expands to the wider values in Sp.

The oscillation region is mainly divided inte three. One Is
shewn by the shaded region, where the original frequency is
almost preserved. The second‘is the 'loeked region' denoted by
1, where mode locking to the applied frequency takes place. In
the periphery of the oseillation regime(the third), the period
doubling takes place, i.e., the frequency of the generated cosecil-
lation is one half of the applied frequency {(dencted by '1/2"}.
Trebling and higher harmonies genevations also occur. Intermit-
tent burst of loss, the interval of which approaches to 1/2x, s
observed. BSome are already reported by use of 1-D mode12%7,

The aperiodic region, shown by L or H, also exists. The
case where (¢ is mueh lower/higher than the intrinsic {reguency of
self-generated oscillation is also studied. Similar arguments to
the case of Fig.12 applies. Also a strong influence is seen near
the phase boundary. If the modulatior contains a random hoise,

the self-generated oscillation is found to be chaotic.
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§5 Summary and Discussions

In summary, the electric field bifurcation model for the H/L
transition is extended to include the temporal and spatial evolu-
tions of the radial eleetric field and the plasma density. The
time-dependent Ginzburg-Landan equation, whiech includes the
spatial diffusion as well as the nonlinear terms, is formulated
for the development of the eleetric field, Z. The radial elec-
tric field dietates the effective diffusion coefficient, DizZ(g)1,
which then affeets the density profiie. The temporal and spatial
developments of the plasma density is simultaneously solved in
our sel equations. The selutions of the model equations tell us
1) how the plasma dynamics takes place between L-phase and H-
phase and 2) how the profiles of the transport barrier and of the
density develop near the plasma edge.

The stationary solution ef high(low) flux corresponds to the
L(H)-phase. In the H-phase, the transport barrier of the finite
radial width is formed near the edge.{(Fig.3(e,d)) Between H- and
L-phases, there obtained a solution in which the self-generated

oscillation of the outflux, T and the edge density occcur

cut?
under the constant influx eondition from the core.(Fig.3) This
is accompanied by the successive decay and formation of the
transport barrier. The magnitude of the time-averaged outflux is
intermediate value between those in the L-phase and the H-phase.
The value 7 is introduced to quantify the eonfinement improve-

ment. We attribute this state to ELMy-H state and call this

phase to be a mesophase{beiween L and H).
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The phase diagram is obtained for the physiecs model of L/H
transition in Refs.{15,16,18]. The d - A//f;n plane is divided
into four regions, namely L-state, ELMy-(ELMy-H}state, H-state
and L-H bistable state.(Fig.5) The characteristic frequency in
ELMy-H state is studied. The transport barrier width of the H-
state{(and the ELMy-H state) is found to be roughily proportional
to /ﬁ1p0‘44:numerica1). I[ts temporal evolution in ELMy-H state
is alsc shown.

Transient responses to external perturbations in the flux
are examined in eaeh phase. The dynamical change of the particle
flux makes the path on the phase diagram(Fig.7). Three types of
the perturbation are examined, namely, a step-like change, a
puisative change and a sinusoidal oseiliation. Variety in re-
sponses is shown from our siméle model equafions. It is demon-
strated that, because of the step-like change in the influx,
there exists a few ELM's burst before the L- to H-phase transi-
tion(Fig.8). As the response to a pulse, a few ELM's burst(Fig.
10) or a Giant ELM{(Fig.11) is induced. A Tew ELM's burst occurs
when the plasma passes through the intermediate-state(ELMy-state),
and a Giant ELM is induced when the edge enters into a bistable-
state. The appearance of the bursts is found to depend on 1)
where in the phase diagram the initial state of the plasma is
located, 2) what type of the perturbation is applied, 3) how
large the external perturbation is, 4) what time scale the per-
turbation has, and so on.

The responses to the sinusoidal perturbation are found to

have much variety. In particular, in ELMy-state there oeccur the
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self-generated oscillation of the bursts with mode-locking,
period doubling, trebling, higher harmonies generations, and
intermittency to the appiied external perturbation. The strength
of the perturbation widens the ELMy-H state.(Fig.12)

Our model equations consist of the temporal and spatial
evolutions of Er(poloidal velocity) and n{(r} near the edge.
Coupling neither to the temperature evolution nor to ihe velacity
in different direction is considered. Each coupling can, in
principle, predict the similar results which are obtained in this
article. The parameter space of the phase diagram alters and the
parameter dependences may change. If an additional equation 1is
added to our model equations, there appear a new physics process.
These are left for future works,

The model equations are applied to a particular physics
model of L/H transition, and the parameter dependences are shown.
Depending on the physics model of Jr’ the correspondences ol the
physies quantities to the parameters introduced in our model
curve change. There have been reports on the other contributors
to cause Jr’ such as the electron ripple loss, impurities, the
loss due to the high energy ion component and so on. Each should
be examined separately and the combined effect should also been
studied. Analysis in this article utilizes a simplified form,
and concentrates to explore the basice physies picture. Further
analysis may show the variety in various processes.

The self-generated oscillations, which are predieted to
cceur near the L/H transition boundary, are ceconsistent with the

experimenfal observations of the small and frequent ELM activity
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10'12’19). [f the electron loss becomes large, i.e., D (d) is

large, not a hard transition but a ELMy activity is predieted
from our model. This might be the ease, when Ergodic Magnetic
Limiter®s11) is appilied, the hard transition diminishes and the
small and frequent ELMsS sppear.

The Prandtl number is shown to dictate the barrier width,
i.e., the region of sheared poloidal rotation. The width of the
transport barrier needs further comparison study with experiments.
The simultaneous measurements of the viscosity, diffusion coeffi-
cient and the width will answer the question. The Prandtl number
also dictates the density profile of core plasma, i.e., the

32,33} From the profile measure-

a.34)

peakedness of density profile.
ments of toroidal rotation, an agreement has been obsgerve

The observation of the fine structure of a burst ip time
will explore the type of the transition. If it is originally a
hard transition type, the sudden decrease of the loss is pre-
dieted to oecur at the end part of each burst. The time scale
would be the same as that of the sudden increase of the loss at
the onset of the burst. Because of the long response time due to
neutral recyeling, the observation of Hua/Dyw line can not distin-
guish it. The discrimination would be possible by high time
resolution measurement of the heat deposition onto the divertor
plate during a whole burst.

The analysis of the effect of external osciliations on the
ELM activities indicates a possible method to control ELMs. The
self-generated cgelllation ean be locked to the external oscilla-

tien, whieh will then be controlled from outside.
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Figure Captions

Fig.!

Fig.2

Fig.3

Fig.4

Normalized particle flux [ as & funetion of gradient
parameter , for variocus values of d. The momentum loss
by neutral particles is not taken intc account. (Quoted

from Ref.[16] with corrections).

Model of effective diffusivity D (i.e., ratioc of the
partiele flux to the density gradient) as a funetion of
gradient parameter g. See text for the definition and

normalization. (&«=1, p=1, Dmax=3’ Dminzo'l’ g0=1).

Temporal evolution of edge density n, {a) and outflux
Fout (b}. Parameters are p=1, rin=3, rn=1.25, o= =
0.2, Pax=8, and Dgij,=0.01. Trajectory in (ng-Tout’
space is given in (¢). Spatial profiles of density (d)
and diffusivity {e). The time sequence is indicated by
A, B, C, Dwith arrows in (a) and (b). Solid and
dashed lines in (d) and (e) show the profiles before

the burst and at the end of the burst. The time slices,

A, B, € and D are aliso marked in (e}.

The characteristie frequency (solid line) and the 'H-

ness' parameter n{dashed and dotted line) are shown

1

as a funection of rn(A' v =3 and other parameters

Fin

are standard as in Fig.3.
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Fig.5

Fig.B

Fig.T

Fig.8

The regions of L-, ELMy H-, and H-modes are shown in
the d-x(0)//T;, plane. Bistable region of the H- and
the L-mode is shown by the shaded area. Dotted contour
lines in ELMy region indicate the frequency of self-

generated osciliation normalized to DO/pPQ.

The p-dependence of the thiekness of the transport
barrier Ao (a), and the oseillation period 7 (b), are
observed as A « p0'44 and ¢ p0'44. a=p=0.2, and
other parameters are standard values as in Fig.3. The

analytic estimate is confirmed.

Paths caused by the perturbation in the infiux, Tins
are schematically dfawn on the phase diagram of Fig.5.
A step-like reduction of 'y, opens the path A 5 A",
which is associated with a transient ELMy-state (Fig.8);
a step-~like increase makes B 5 B' (Fig.9); a positive

puise causes B » B' 5 B (Fig.10). The pulsative in-

erease of both Ty and D, opens the round path from C

to C.(Fig.11)

A step~like reduction of 'ijp at the core side(x=-4} at
t=1 (a) causes the H to L transition associated with a
few ELM bursts{(b). The changes of radial structures of
the density(ec) and D{d) are shown by dashed lines{ini-

tial L-phase) and by solid lines(final H-phase).
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Fig.9

Fig.10

Fig.l1

Fig.12

A step-like increase of Fin makes a path of B 5 B' in
Fig.7, and causes the L 5 ELMy phase transition. At

t=0, T is Increased from 1 to 4. Other parameters

in
are the same as those in Fig.3. The ehanges in n, and

Fout are shown.

A positive pulse causes a path like B - B'" 42 B in
Fig.7. As the response of the H-phase, only a few ELMs

appear. At t=0, I is ereased from 1 to 4, and at

in

t=2, r is reduced to 1. Other parameters are the

in

same as that in Fig.3d.

A Giant ELM is caused as a response of the pulsative
increase of D insidé part of the transport barrier.

The local enhancement of D is made in the region of
-2.0 ¢ x < -1.9, during the period of 5.0 < t < 6.0, by
the additional value of 3, The barrier width ao is /2.
Bird's eye view of the density profile development
shows the loeal flattening inside the barrier{a). A
giant pulsative outflux at the edge is shown as a fune-

tion of time(b).

Phase diagram in the presence of the external oscilla-
tion in the souree(S:Fin/K) is plotted on the plane of
constant component SO and oseillation amplitude €f-

Frequency of the external oscillation is fixed to be

0=1(a=0.5, p=1). The line of ep=0{a horizontal axis)
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is divided into L, ELMy and H regions, and according to
the inerease of ery the ELMy region expands. Original
oscillation prevails in the shaded region(a). Mode
loeking and the loeking to subharmenies are found.
Number j/k {(sueh as 1, 1/2, 1/3, 2/3, 3/4 ...)
indicates that the mode locking with j/k harmoniecs to
the external frequenecy occurs in this region. Expanded
diagram is given in (b). In shaded area in (b)), a

random oscillation takes place.
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