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abstract 

A model of Edge Localized Modes CELMs) in tokamaks is 

presented. A limit cycle solution is found in time-dependent 

Ginzburg Landau type model equation of L/H transition, which has 

a hysteresis curve between the plasma gradient and flux. The 

oscillation of edge density appears near the L/H transition 

boundary. Spatial structure of the intermediate state (mesophase) 

is obtained in the edge region. Chaotic oscillation is predicted 

due to random neutrals and external oscillations. 
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SI Introduction 

Edge Localized Modes ( ELMs ) are known to be regularly 

observed phenomena characterized by the sudden drop of edge 

density/temperature with the burst of the particle/heat during 

the H-phase in tokamak plasmas. When the density/temperature 

near the plasma edge exceeds a certain threshold value, L- to H-

mode transition takes place. ^ In some restricted parameter 

space of the H phase, ELM activities appear^. The ELMs have 

shown the variety of their appearance. Single giant ELM takes 

place in an irregular manner in time^"5 , big ELMs or small ELMs 

or grassy ELMs reveal with a periodic oscillation of H a bursts
0'', 

9 -7") and sometimes their mixture appears irregularly. IJ Their 

occurrence is up to now unpredictable in experiments. Among 

periodic oscillations of ELMs, giant-ELMs and small-ELMs have 

similar ratio between the period of the ELM and the duration of 

each burst, which is of the order of 10, and the associated 

energy loss ratio is also of the order of 10 . In grassy-ELMs, 

a different kind of oscillations has been observed. The period 

and the duration of the burst have similar values9-'. The grassy 

ELMs are known to appear near the L/H transition boundary. 

The comparison study with critical-p analysis due to MHD 

ballooning mode0-' has been applied to explain the ELMs. However 

the analysis has shown that the onset of some ELMs occurs below 

the threshold value for the p-linit. Resistive MHD analysis0'' on 

surface peering mode may explain a part of ELMs, however the 
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assumed current/ pressure profiles are not yet experimentally 

identified. Furthermore, there remains a question why the 

structure of associated fluctuation/transport is insensitive to 

the surface q value and current profile; the period of the Grassy 

ELMs is left unsolved. A model of ELM as a cyclic oscillation 

between L and H phases due to impurity accumulation has been 

Proposed 10) Up to mow, however, the impurity accumulation is 

considered to be the associated phenomena3'11. 

Based on the bifurcation theory on the L/H transition1^-1^ , 

we have proposed a new model theory ' of grassy-ELMs 

observed in JFT-2M. The L/H transition has been observed to have 

a hysteresis curve between the thermodynamic force such as 

density/temperature gradients and associated flows.1,3' 

Theories -* could predict the sudden L/H transition. The 

radial electric field (in other words, induced poloidal rotation) 

Plays a main role in theories to- cause a bifurcation in the 

radial flux. Experimental observations . confirmed changes 

in poloidal rotation and radial electric field associated with 

L/H transition. We extend the model theory in Ref.[12-15] to 

include the time dependence and spatial diffusion. The electric 

field is used in analysis, but similar argument is possible in 

terms of rotation. Based on the previous models we employ the 

model S-curve in phase diagram of the density gradient and the 

particle flux. We neglect the effect of temperature gradient and 

consider the case of uniform temperature, since the 

characteristics of ELMs discussed here is insensitive to the 

heating power. The periodic occurrence of the burst of the loss 
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flux from the plasma boundary is predicted by this model. The 

period of the oscillation, the ratio between the spike width and 

period, and the region of periodic oscillation in the parameter 

space are studied. The characteristic nature of the grassy ELMs 

are confirmed by the model. The radial structure of the 

transport barrier is investigated, and the important role of the 

ion viscosity (shear viscosity) is predicted. If the diffusion 

Plandtl number is large, a thick transport barrier is established, 

which gives a better enhancement factor for the global energy 

confinement time. The change of the radial electric field at the 

L/H transition condition is rapid compared to the plasma 

parameters. Although rapid it is, there still exist a finite 

delay time in the response of the electric field and transport 

coefficient. The effect of this time delay is also analysed. 

The influence of the temporal variation for the source term is 

analyzed. If the source term contains a random component, the 

oscillation period can be chaotic. When the source includes a 

oscillation component, the frequency of which is close to the 

natural oscillation period of the plasma loss, the model locking 

of the oscillation to the external frequency appears. Also the 

region of the oscillatory solution is expanded. This suggests an 

experimental method to control an H-mode with favourable ELM 

oscillations. 

The construction of this article is as follows. In § 2, the 

model of the analysis is discussed. The extension from the 

previous analyses is shown. In §3, a heuristic argument is given 

using a zero-dimensional model for the density evolution. 
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Various characteristic oscillations are found. In §4, the one-

dimensional transport equation is solved. Temporal and spatial 

evolution of the transport barrier is studied. Summary and 

discussion is given in final sections. Derivation of the model 

equation is presented in the Appendix A. Transient response 

associated with the L/H transition is studied briefly in Appendix 

B. 
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§2 The Ilodel 

le consider the thin layer near the plasma boundary of 

tokamaks. le take the plasma with one species of ions. The 

characteristic thickness of this layer is several times of the 

ion poloidal gyroradius, pp, so that the bipolar particle fluxes, 

which are driven for instance by the ion loss cone12,14^ and the 

convective loss of drift wave12-' or the bulk ion viscosity*4^, 

plays an important role in determining the transport coefficient. 

The bifurcation of the radial electric field structure as well as 

of the transport coefficient (ratio of the particle flux r to the 

density gradient) has been predicted. Critical condition for the 

bifurcation is given in either the critical density gradient for 

given collision frequency12,13^ (as is Fig.l) or in the collision 

frequency for given gradient14^. 

We study the dynamic evolution of the density/electric field 

profile and transport coefficient in this layer. We take a slab 

model of this region, and specify the particle flux from the core 

plasma. This particle flux can be dependent on the transport 

processes in the edge layer of our interest, because the particle 

source is influenced by the outflux to the wall. (Such is often 

the case in actual experiments.) However, in order to 

investigate the intrinsic properties of the edge plasma, which by 

itself generates the selfsustaining oscillations, we assume this 

source flux from core to be an independent constraint. The same 

argument applies to the plasma in the scrape-off-layer (SoL), and 

we assume that the boundary condition at the plasma/SoL interface 
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is also an independent constraint from the dynamic evolution in 

the layer of our interest. We do not specify the thickness of the 

layer at this moment, and look for the selfsustaining structure 

of the oscillation, which does not depend on the choice of the 

thickness of the layer. This consideration is proved by the 

results. 

According to the previous analyses, we assume that the 

transport coefficient in this layer has the nature as shown in 

Fig.1 that the charge neutrality condition12,13^ Cor in other 

words the force balance equation in poloidal direction1 O shows 

the bifurcation nature when the gradient parameter 

A = pJVn/n| 

reaches critical values Ai and Ag. The critical values are the 

functions of relative loss cone loss rate 

d = /aTRDg/i^Pp2 

where a/R is the inverse aspect ratio, De is the characteristic 

diffusion coefficient in the L-phase (which is considered to be 

anomalous, but we need not specify its characteristics here), n^ 

is the ion density, and Uz is the ion collision frequency. When 

the parameter d is small, the difference between A, and Ag 

becomes large. Critical gradient parameters Aj and Ag come 

closer if d becomes small 13) 

The development of the plasma parameter is described by the 
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continuity equation 

an 

at 

a an 
D C Z ) — 

ax ax 
Cl) 

which assumes that the particle source in the layer can "be 

neglected. Further assumption is that we neglect the effect of 

the temperature gradient. The layer of our concern is thin so 

that the slab model is used in solving the transport equation. 

In order to describe the temporal and spatial development of the 

radial electric field and associated transport coefficient, we 

introduce the equation describing the radial electric field as 

£j^0 3Er(r, t)/at = 

e n i P p [ - i ; i / R 7 i J b + " iV 2 (E r /B v T i ) ] , C2) 

where £j_ is the perpendicular dielectric constant of the 

magnetiaed plasma (e1 = l+c
2/vA

2; vA is the Alfven velocity and c 

is the speed of light) Jb is the normalized radial current (the 

amplitude of which is of the order of unity), v-- is the ion 

thermal velocity, B is the poloidal magnetic field and p^ is the 

shear viscosity. The current Jb is not a monotonous function of 

Er and causes the bifurcation. The explicit form of Ĵ  depends 

on the choice of the physics processes causing the bipolar 

fluxes, and is discussed in the Appendix A. The ion shear 

viscosity n^ dictates the spatial structure of the established 
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radial electric field^^, and hence that of the transport 

"barrier. 

We in this article are interested in understanding the 

qualitative nature of the dynamics, so that we choose a simple 

analytic form for Jfe. As is shown in Refs. [12-15],' the explicit 

forms of J^ and Aj O^^^ depends on the modeling of the bipolar 

fluxes, but the characteristic nature of the transport, that the 

particle flu. can take multiple values as a function of the 

gradient, are generally derived. We, therefore, discuss the 

nature of the edge dynamics which is not constrained by the 

particular choice of the physics modelling of the bipolar fluxes. 

For that purpose, we choose a simple S-figure curve which is 

described by the cubic equation as 

JbCZ;g) = g-go+[0Z
3-aZ], (3) 

as is discussed in the Appendix A. In this symbolic 

representations, Z is the normalized radial electric field, 

Z •* C E^p/Ti - Z0. (4) 

where the constants C and ZQ are introduced in order to take this 

cubic form. [The parameter Ca.P) are introduced to simulates the 

fact ihat, as in Fig. 1, the critical point x^ and An depends on 

the parameter d (i.e., the relative ratio of the ion loss cone 

loss). The manifold Z(g) is tightly folded as in the case of 

small d in Fig.l. The sharpness at the ridge points Aj and An 
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can also be adjusted by parameters («, e). ] The parameter g, 

which dictates the jump of the diffusion coefficient, is defined 

as 

g = ppn'/nut. C5> 

and gQ is a parameter to denote the point of inflection in the 

curve of r(|Vn/n|). The normalized collision frequency vt is the 

ratio of v^ to the bounce frequency of ions. The relation 

between the radial electric field and transport coefficient D = 

|l"n/Vn | is assumed to be a simple form as D « Z or 

DCZ) = CDffiax + Dfflin)/2 + CDaax-D]Din)/2.tanhZ. (6) 

In the normalized form Eq. (2) reduces to 

3Z a2Z 
£ = -(De/dp/)Jb(Z;g) + Wi — -

at y ax^ 
C7) 

where the coefficient e is defined as 

e = (l+vA
2/c2)B 2/B 2 » B 2/B2, (8) 

The parameter e indicates a small coefficient showing that 

eq.(2) has faster time scale than Eq.(l). The parameter regime 

of our interest is d =< 0(1). The characteristic time scale in 

Eq.Cl) and the operator n^V is of the order of De/p in case 
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n- and D. have similar magnitude. Solutions Z(g) in L and H 

phases for the point model12"*5^ were given by Jr(Z;g) =0. The 

curve of D(g), which is determined from the relation Jr(Z,g) = 0, 

for the given value of gQ is shown in Fig.2. The large D and the 

small D branches correspond to the L and H states, respectively. 

The transition from L to H or H to L occurs at certain values of 

g (A-*B [Ls>H] or B' ->A' [H->L]). The curve can be defined on each 

radial point, and the radial and temporal structure Z(x,t) is 

obtained in the following analysis. 

The relation between the parameters (a, 0) and plasma 

parameters depends on the physics modelling on the radial 

current. If we take the model in Ref.[13], we have an 

approximate relation as 

a = 3(l-d)/2(l+d), p = a/3 (9) 

and 

Dmax - d' Dmin =0-05- (10) 

The interpretation is possible using this approximate relation. 

(See Appendix A.) 
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S3 Zero-Diiaensional Uodel 

In order to have an insight of the ELM physics, we first 

develop a model of edge plasma dynamics based on the point model 

(i.e., zero-dimension in space). The model equation which 

describes the temporal evolution of the edge density is discussed 

in the appendix A. fle in this chapter employ the model equation 

which is given as 

dn/dt = S - T n (10) 

where n is the edge density, S is the source and T is the rate of 

the loss. The loss rate T is the multivalue function of n, and 

is modeled as 

2 _ e [dT/dt]/T(/ = (n/n0-l) - [p(T/r0-l)
d - «(T/T 0-1)]. (12) 

This model assumes that the higher density leads larger loss 

rate, and the lower density gives smaller loss rate. Since we 

are treating a simplified one dimensional model, smaller edge 

density implies that the plasma is less collisional for a given 

edge gradient. For fixed gradient, the less collisional sate is 

attributed to the H-mode according to the theoretical 

models1^"15-'. [The edge gradient plays the fundamental role in 

determining the transport coefficient associated with H/L 

transitions. The relations with the spatial structure is 

discussed in the next section.] The parameter e, which is much 
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smaller than 1, iidicates that the time scale to recover the 

charge neutrality is ouch faster than the transport time of 

density. The normalizing density and loss rate, n« and TQ» 

correspond to those in the typical values of L-mode. The 

parameter TQ has the dimension of time. This is the • 

characteristic diffusion time in the layer of our interest in the 

L-phase, De/pp
2. 

For the simplicity of the argument, in the following we 

normalize n, t, S and T as 

n/nQ -» n, trQ ->t, S/n0T0 -» S, and T/T Q -> T. (13) 

Equation (12) is rewritten as 

£ dT/dt = FCn,T) (14-1) 

with 

FCn. T) = n - 1 - e(r-l)3 + a(r-l). (14-2) 

This set of equations is used to study the dynamics 

associated with L/H transitions and spontaneous oscillation, 

i.e., ELMs, in the zero-dimensional model. The form of Eq.(12-2) 

is simplified compared to Eqs.(3) and (6). This simplification 

does not cause qualitative difference. 

S3.1 Oscillation Solution 
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le first study the nonlinear oscillation in the presence of 

the static source and in the limit of no time delay, i.e., e -* 0. 

The set equations Cll) and (14) are solved with the condition S is 

constant in time. 

In the zero e limit, T is solved as a function of n through 

the relation F(n, T) =0. Multiple solution is possible for 

positive values of a as is shown in Fig. 3. The parameter at 

dictates the range of multiple values. If a is a small positive 

value, then L takes the multiple value in the narrow region of n. 

If, on the other hand, a becomes large, the range of n for the 

multiple solution extends wider. At the bifurcation point where 

n = nc holds, 

nc = 1 ± (2«/3)(a/3/3)
1/3 (15) 

the derivative of T with respect to n diverges, and the jump 

between branches occurs. 

Nonlinear oscillation solution for n is obtained. Figure 4 

illustrates a typical example for the evolution of density and 

loss flux (rn) for the parameter of a=0.5, 0=1 and S=l. 

Pulsative solution for rn is obtained. Figure 5 shows the 

frequency and ratio of the H-phase duration to the period, y, as 

a function of source S. Oscillation solution appears in a 

limited range of the parameters. The value v is discontinuous at 

the onset parameter for oscillations. The normalized frequency 

of the oscillation, f, is inversely proportional to a and can be 
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approximated as 

f a. 3/5ot (for p=l and S = l). (16) 

The boundary for the oscillation solution can be obtained 

from Eqs.(11) and (14) as 

Sj < S < S2 (17) 

where 

Sj = (l-/S7TO[l + (2a/3)/57TO. (18-1) 

and 

S2 = (l+/57TO[l-C2a/3)/57TO. (18-2) 

Below this limit Sj, solution converges to the low flux solution, 

i.e., stationary H-phase. On the contrary, beyond the critical 

value Sn, the solution merges to the high flux solution, (L-

phase). In order to have the oscillation condition, in other 

words to satisfy Sj < S2> we have the condition for a as 

0 < « < 3/4/3. (19) 

If a is large and Eq.(19) is not satisfied, then the oscillation 

solution does not exist. The high-flux branch (L-mode) directly 
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continues to the low-flux solution (H-mode) at a certain critical 

value of S. 

This result is interpreted as distinction the transition 

nature by the plasma parameters. As is shown in Fig.1, the 

difference between A, and An is small for large d. This case 

corresponds to the smaller value of a. From the dependence on a, 

we see that, the selfsustaining oscillation can be possible near 

the L/H transition boundary for the case of larger value of d. 

On the contrary, if the parameter d becomes small, (i.e., 

modelled by larger value of a), the L-region in parameter space 

is directly connected to the H-region, without passing through 

the oscillation regime (~ e. , Grassy ELM regime). In the 

following of this section 3, we take p=l unless specified. 

S3 2 Effect of External Noise 

The source term can contain noises. In actual situations, 

the particle flux from the core plasma to the surface is not 

constant in time but contains noises. The density fluctuations 

near boundary affects the rate of ionization as well as the 

magnitude of impinging neutrals from scrape-off layer. These 

time-fluctuating contribution of the particle source is modelled, 

and we write 

s0 + s (20) 

where SQ is constant in time and S is assumed to be random. For 
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the simplicity, we assume that the fluctuation part is Gaussian 

noise. It is characterized by the average amplitude, <S*> and 

the standard deviation s. 

In numerical calculation, we take the assumption that the 

time integral of S from t to t+At is given by the Gaussian 

distribution, the average of which is £_ and the standard 

deviation of unity (the suffix r denotes 'random'). 

The resultant oscillation contains random component, so that 

we evaluate the average frequency <f> and the standard deviation 

c of oscillations. cs is defined as /<(T-<T> )2>/<T> where T is 

the period of the oscillation. Figure 6 illustrates a typical 

example. The oscillation regime in S-variable extends to lower 

and higher values of SQ, and <f> continuously reduces to zero for 

S0<S1 or S0>S2. The effect is small for the region of S1<S0<S2-

In the parameter regime where oscillation becomes possible due to 

the noises, the standard deviation <s is a decreasing function of 

<f>. Approximate relation of <s « <f>"t)-'4 is obtained for «=0.5 

and SQ<SI. Figure 7 shows a typical example of the oscillations. 

The period of the oscillation is not constant in time. 

Intermittency is seen in the appearance of the burst. It is 

noted, however, the hight of the Burst is less affected and 

remains almost constant. 

Sjj.3 Influence of External Oscillations 

The fluctuation part of S is not necessarily noises, but can 

contain dominant oscillation component. This is possible, for 

— 17 — 



instance, when the plasma is rotating and its shape is subject 

to the helical deformation due to the kink/tearing mode. In this 

case, the distance between the plasma surface and wall changes 

oscillatory and, as a result of this, the plasma/wall interaction 

periodically changes in time, causing the modulation of the 

particle flux. There is other possibility that this kind of 

regular temporal change is driven artificially. In order to 

study the influences of low-mode-number MHD modes on the ELMs or 

to investigate the method to control ELlis, the study on the 

effect of external oscillation is important. 

We take the model that S is given as 

S = S 0 + ef .sinC2rrfiit). (21) 

Coefficients SQ, £* and ti are constant in time. 

We first study the case that the external oscillation 

frequency is close to the original frequency (i.e., that in the 

absence of external oscillation), CI >v 1. In this case, we find 

the mode locking to the externally applied frequency. Figure 8 

shows the phase diagram in Sg-Ef plane. As e^ increases, the 

region of oscillation solution extends to wider values of SQ. 

The oscillation region is divided by three categories. One is 

the ' almost-unaffficted region', where the oscillation frequency 

is preserved near the original oscillation frequency (the one in 

the absence of £<?). This region is localized to the small values 

of £*. The second is the ' locked region' , where mode locking 

(and harmonics as well) takes place. And the third is the 
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nonperiodic region. 

The region, which is denoted as "1" in the figure, denotes 

the mode locking to the applied frequency. In the periphery of 

the oscillation regime, the period doubling takes place, i.e., 

the frequency of the oscillation is one half of the applied one. 

One third or one quarter harmonics is also found. Figure 8(b) 

indicates the detailed diagram. Example of time traces are shown 

in Fig.9. In the case of harmonics, the hesitation is seen. For 

instance, in the case of the double-period solutions, the 

hesitation and transition appear one by one. As in the case of 

the noises, the hight of the burst is not influenced by in 

comparison with the period. This is because the peak in the loss 

is determined by the difference of the transport coefficient at 

the transition point, which is not affected much by the external 

oscillations. 

Other characteristic feature is the solution with 

nonperiodic burst. In between the '1' and '1/2' regions, there 

is a regime of non-periodic oscillation. Pulses appears 

continuously in time, but the distribution of the period have a 

considerably large standard deviation. 

We next study the case where the oscillation frequency fi is 

much smaller than the intrinsic frequency. In this case, strong 

influence takes place near the oscillation boundary, SQ =* S,, Sn. 

Figure 10 indicate the standard deviation of the oscillation 

frequency for the case of e^=0. 05 and n=l/2rr. Intermittent burst 

of loss is observed as shown in Fig.11. 
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S3 4 Time Delay in Change of Transport Coefficient 

The assumption of £=0 is idealized. The change of transport 

coefficient from one branch of solution F(n, T) = 0 to the other one 

requires a finite time. The finite time delay in the change of 

transport coefficient reduces the regime of oscillation solution. 

$e solve Eqs.Cll) and (14) for given constant value of S. 

Figure 12 illustrates the dependence of the frequency on e. The 

frequency f reduces as e increases, and the oscillation finally 

stops when £ reaches a critical value. Beyond this critical 

Value, the solution of Eqs.Cll) and (14) turns out to be a damped 

oscillation, and the solution converges to the fixed point in the 

t-*» limit. For small but finite value of £. the boundaries S, 

and S2 come closer. It is also noticed that the value V. ratio 

of the period of the H-phase to the oscillation period, shows 

weak dependence on S. 

This critical value can be calculated by studying the 

stability near the fixed point. If we write n and T in the 

vicinity of the fixed point as 

n = X + u C22-1) 

r = Y + v, (22-2) 

where (X,V) satisfies 

XY - S = 0 (23-1) 
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F(X,Y) = 0^ (23-2) 

Linearizing Eqs.(ll) and (14) in the small u and v limit, we have 

du/dt 

dv/dt 

-Y 

l/« 0+3-3Y)/£ 

(24) 

The eigen values A of the matrix in the right hand side of Eq.(24) 

is given as 

A - [Ca+8-3Y)/e]/2 + /( C«+3 - 3Y)/e+Y } 2 -4X/e (25) 

This result gives that the fixed point is stable if 

e > («+3)/Y-3, X > Y(a+3-3Y) (26) 

is satisfied. If the fixed point is stable, oscillations decays 

in time, and converges to the fixed point. Substituting a=0.5 

and S=l (X=Y=1), we have £>0.5 for the stability near the fixed 

point, confirming the disappearance of the oscillation solution 

in Figure 12. Oscillatory solution is obtained for e<0.5. 

Figure 13 illustrates the trajectories near the boundary e=0.5 in 

the case of «=0. 5 and S=l. 

— 21 — 



§4 Transport Uodel for ELUs 

le develop the one dimensional transport model for tie ELM 

oscillations. The temporal evolution, which was obtained by the 

heuristic argument in §2 are confirmed. In the one dimensional 

analysis, we can clarify the spatial structure associated with 

the jieriodic transitions between H and L- phases. 

S4.1 Model Equations 

Model equations consist of the radial transport equation of 

the density n with the effective diffusivity D, and the diffusion 

equation of the normalized radial electric field (or poloic'al 

rotation ) Z with the viscous diffusivity j*. The effective 

diffusivity D, which is a function of Z, can have multiple 

values. The basis of this model equation is-discussed in the 

appendix. Diffusion Equations contr*: a nonlinear force with 

respect to the density gradient and are given as 

an a an 
— = - D C Z ) - . C27) 
at ax ax 

aZ a2Z 
e — = -N(Z;g) + u-T . C28) 

at ax^ 

N(Z.g) = g-g0+[pZ
3-cxZ], (29) 

and 
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»CZ) - CD inax + D]nin)y2 + C D . ^ - D ^ D / a - t a n hZ. (30) 

In writing explicit forms of N and D, we normalize as 

x/pp -> x. D/t>0 -* D, dnj/Dp -* i». tDQ/pp^ -* t, and rpp/D0nQ •* I\ 

The normalizing density in is chosen so as to satisfy SQ=1 and g 

= 3n~2(dn/dx). fe U S e the relation 

e = d(p/Pp)J (31) 

noting Vi«c. The normalizing parameter DQ is the typical value 

of the diffusion coefficient in the L-phase. The coefficient n 

is the diffusion Prandtl number PD dictating the profile'"
1-'. 

Parameters gQ, a. p. Dmax, Dmill and ji are treated as constant. 

Equation (28) is a kind of time dependent Ginzburg-Landau 

equation or the one which is used to analyse the reaction 

diffusion sjsteu in chemical reactions. The system contains so-

called slow manifold structure due to the assumption with respect 

to the time scales. 

54.2 Period\c-fQJmati,Qn of the Transport Barrier (e=(l cas_e) 

We first take the condition that e=0 (i.e.. aZ/at = 0) to 

solve the temporal evolution of the density. 
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The region of our interest is a slab near the plasma edge, 

-L<x<0. As the boundary condition at the plasma edge (x=0), we 

impose the constraint that 

Cn' /n)anb = const. (at x=0) C32) 

is used. In the following we mainly discuss the case of a=l and 

"b = 0. Teas simplified form is approximately reproduce the two-

dimensional analysis in the scrape-off layer plasma ^ . For the 

boundary condition at the core side (x=~L), we give the particle 

flux as 

r = r in* Cat x=-L) C33) 

Solving Eqs.(28) and (29) we find the state with the periodic 

oscillations of the edge density ng and the loss flux rout in the 

restricted parameter space between the L and H phases. C^out is 

defined as the particle flux at x=0.) In Fig.14 (a), (b) and (c), we 

show the temporal evolution of the edge density and Iou1.. which 

corresponds to the origin of the H^ burst in experiments. The 

parameters are; gn = l. a=0.2, p=0. 2, Dmfl =3, Dm- *0.0l, j-»=l. ;0 max mm 

rn = -n/n' (at the edge) (34) 

is chosen as 1.25. and rin = 3. 

The existence of intermediate state of L and H phases is 

seen in the radial structure of the density and the effective 
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diffusion coefficient. In Fig.14 (d) and (e), their radial 

structures are shown at the time of good confinement and the poor 

confinement. The temporal-spatial developments of the density 

and diffusion coefficient are shown by the bird's eye view in 

Fig. 14 (f) and (g). 

These oscillating solutions are possible in the intermediate 

state between L and H phases, and are attributed to ELMy-H mode. 

The time averaged density is somewhat between the one in L phase 

and the H's. Figure 15 illustrates the frequency and the average 

ratio of H-phase period (^-value) as a function of r^n. The 

result is similar to those in a simple zero-dimensional analysis. 

Figure 16 shows the phase diagram in r^ -r plane. Three regions 

are identified; H-region, L-region and ELM region. 

The parameter region in which the ELMy-H mode appear is 

found to be 

D / g m < r . „ r r / < D u / g 
m' °m i n n M'SM' ( 35 ) 

where 

g m = g Q " 2 e ( : a / 3 ' 3 ) 
3/2 ( 3 6 - 1 ) 

gM= g 0 + 2e(o(/3/3) 3/2 ( 3 6 - 2 ) 

Dm = D(Z = / ^ 7 I p ) , ( 3 6 - 3 ) 

and 
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DM-D(Z--/o73i). C36-4) 

In this parameter regime, the cross point of the curve of 

hysteresis and the g value at the edge becomes unstable and the 

solution of the limit cycle on g and D space Csee Fig.2) appears. 

When r^n becomes large so as to satisfy 

rinV > V«M- C37) 

we find the stationary L state; and the H state with large 

density gradient is found in the parameter region 

rinV < VSnr C38) 

Therefore the ELMy-H state found- here is the mesophase of L and H 

phases. If the condition 

Vsn>Vsi (39) 

holds, no oscillation is allowed. In such a case, direct 

transition form L to H phase Cor vice versa) when r^n changes. 

This result confirms those in the zero-dimensional 

modelling. As is shown in Fig.l, the difference between x, and 

*2 is small for large d. The selfsustaining oscillation can be 

possible near the L/H transition boundary for the case of larger 

value of d. In addition to it, the transport analysis yields the 
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new constraints on the gradient near edge. The sharpness of the 

edge gradient at the plasma/SoL interface affects the appearance 

of the ELMs. On the contrary, if the parameter d becomes small. 

(i.e., modelled by larger value of cO. the L-region in parameter 

space is directly connected to the H-region, and even the 

overlapping of them occurs. The transition between H and L phase 

takes place without passing the oscillation regime (i.e.. Grassy 

ELM regime). 

$4.3 Structure of Transport Barrier 

Transport barrier is formed in a phase of density rise. 
on") 

Smooth change of D is formed due to the viscosity P . The 

thickness of the barrier, A, is estimated as 

A * /2/3n/a (40) 

in the small n limit. Numerical calculation gives A«M , as 

shown in Fig.17, confirming this analysis. (This numerical 

result is obtained in the situations where L satisfies L>>A, so 

that A is not limited by the computation region.) In this 

region, -A<x<0, there exists the poloidal rotation. The radial 

width A is different from the width of the density inversion 

region. 

We study the parameter dependence of the period r of the 

oscillation. Results are illustrated in Fig.17(b) and 18.The 

numerical computation gives 

— 27 — 



r a. Carnhdu~
l, (41) 

where C is a numerical coefficient of the order of unity. As is 

shown in Eq. (32), r. is bounded in a narrow region to realize the 

oscillation. If the ratio rn
2/D« and other parameters are fixed, 

we have 

rccDy-0-5 (42-1) 

in a wide range of parameters. On the other hand, if the ratio 

r^nr^ and other parameters are fixed, we have 

r« rin"
0-5. (42-2) 

Figure 18 shows that the oscillation is generated by the periodic 

establishment and decay of the transport barrier, the thickness of 

which is determined by the viscosity. If the layer of the 

analysis L is much longer than A, L does not effect the 

oscillation frequency. The transport in the layer of L does not 

give the characteristic time scale. This provide the basis, a 

posteriori, that the specific assumption for the core plasma is 

not necessary in developing the modelling of ELMs of our interest. 

The ratio of the time interval of good confinement Zu to r, 

i7=T{j/r, represents how the mesostate is close to the H-mode. (In 

the H-mode, v=\, and v=0 for the L-mode). In the region of 

Eq. (32), V takes intermediate values between one and zero. y is 
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a decreasing function of I\ rn , and is discontinuous at the 

boundaries Vn/gm and D^/gy. For oscillating solutions, y takes 

largest value 

* - \ax a t rinrn2= V « i r ( 4 3 ) 

7? m a x increases and approaches to unity if D "becomes closer to 

^min- This is confirmed by reducing a as keeping the ratio a3/j3 

constant (i.e., reducing Dm to Dm-n by fixing g m). For instance, 

by taking cc=0.2 and p=a , y can be greater than 0.95, i.e., the 

period is 20 times longer than the pulse width. (See Fig.19.) 

$4.4 Effect of Time Delay in the Response of D 

The finite time delay in the response of diffusivity in 

jumping at the critical value of g gives rise to the damped 

oscillation and reduces the range of the stationary oscillation 

regime. 

Example is shown in Fig.20 with various values of £ and 

other parameters are unchanged. As e increases, the change of 

the flux becomes diffused. This is the same as in the simple 

argument of the zero-dimensional model. 

In obtaining the spatial structure of n and D, we see that 

the qualitative character, such as the thickness of the transport 

barrier, does not change compared to the case of the zero £ 

limit. 

For the parameter of our interest, £ is of the order of 

— 29 — 



(p/Pp) , i.e. order 1/100. Therefore, the analysis with £=0 

provides a sufficiently good approximate solutions. 



§5 Stmnary and Discussion 

In summary, the theoretical model of ELMs are developed by 

extending the bifurcation model for H/L transition to the time-

dependent diffusive media near tokamak surface. Time-dependent 

Ginzburg-Landau model equation with spatial diffusion is applied. 

A periodic solution of the plasma density and outflux is found 

recovering the sequence of the burst of plasma loss. 

The transition has the nature that the transport 

coefficient changes very rapidly at the critical condition for 

Plasma parameters. This nature leads a sharp rise of the loss 

flux in each period of oscillations. The loss rate then reduces 

slowly, with the time scale of L-mode transport, according to the 

gradual change of the edge plasma parameters. As the plasma 

Parameter changes far enough to encounter the transition condition 

to the good confinement states. • This model reproduces the 

oscillations in which the decay time of the loss and period are 

comparable. The region in which this nonlinear oscillation 

occurs is identified in the parameter space; oscillations appear 

near the H/L mode boundary. These features are consistent with 

experimental observations of the Grassy ELMs. In addition to 

them, this model also predicts that, at the end of the each 

burst, the sudden reduction of loss occurs. This awaits an 

experimental confirmation, which would be possible by careful 

study on the energy deposition onto the divertor plate with high 

time resolution. (The observation on the H^/D^ line would not 

be suitable for this examination, because this intensity may be 

— 31 — 



prolonged by the recycling .) 

The mesophase is found near the plasma boundary. The width 

of the transport barrier was found to be proportional to /Pp-

The frequency of the sequential burst of losses is characterized 

by the time Pp /DQ
 a:Qd "the numerical coefficient characterizing 

the nonlinear potential. Also the parameter dependences of the 

period and *H-ness" "7 are studied. 

This study shows the important role of the diffusion Prandtl 

number in determining the temporal/spatial structure of the 

transport barrier. When the thickness of the transport barrier 

is larger, the better enhancement in the global energy 
O 9 "\ 

confinement time is expected . The viscosity near the plasma 

edge requires future analysis in order to provide more dependable 

picture' of the ELMs. 

The occurrence of the periodic transitions between H and L 

states are anticipated in the presence of impurities . It is 

shown that the periodic oscillation is possible even in the 

absence of impurities. The inclusion of impurities would gives 

rise a further variety in the oscillation phenomena in ELMs. 

This requires a further research. The analysis in this article 

is developed using a simplified analytic form of the transport 

coefficient. If one employs more exact form of D[g] as is 

presented in Appendix, absolute values may change (e.g. for the 

frequency, ^-value and so on.) However, the qualitative nature 

of the nonlinear oscillation and parameter dependences such as on 

the viscosity or times scales does not alter. 

The present analysis on the appearance of the self sustained 
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oscillation clarifies the expected parameter region for the 

continuous small ELMs. The importance of the parameter d « 

Dg/xijPp2 is found. If we employ the model in Kef. [13] for the 

radial current, then the condition for the oscillation, Dy/gij > 

Dm/gm, is rewritten as (using the relation between a, 0 and d), 

d > 0.22. 

We have 

/ 0. 2 < d < 1 (Grassy ELMs) 

( 0 < d < 0.2 (hard L/H transition). 

If this parameter d is large, then the difference between JU and 

An is small. In such a situation, the selfsustaining oscillation 

can be possible near the L/H transition boundary. In addition to 

it, the transport analysis yields the new constraints on the 

gradient near edge. T. ̂  sharpness of the edge gradient at the 

plasma/SoL interface affects the appearance of the ELMs. 

Noticing the parameter dependence of d, we see that d increases 

if the edge diffusivity De increases and other parameters are not 

changed. This would be one of the origin of the expansion of the 

Grassy ELM regime under the Ergodic Magnetic Limiter. The proper 

range of enhancement of the electron loss in the L-phase is 

helpful in achieving the ELMs in wider plasma parameters. On 

the contrary, if the parameter d becomes small, (i.e., modelled 
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by larger value of eO, the L-region in parameter space is 

directly connected to the H-region, and even the overlapping of 

them occurs. Tie transition between H and L phase takes place 

without passing the oscillation regime (i.e., Grassy ELM regime). 

The transition to the H-mode in this occasion is often triggered 

by heat pulses. le simulate the transient phenomena in Appendix 

B. 

The roles of fluctuations in the source flux or external 

oscillations are also studied. It is found that they cause the 

chaotic oscillations of n and I"out. They also extend the region 

of ELMs to the wider segment in the parameter space. It is alt»u 

noted that the hight of the burst in loss is not affected much by 

the introduction of the temporal variation of the sources. The 

period is much more influenced. This nature can be compared to 

the experimental observations. In the case that the external 

oscillation amplitude is large enough, the oscillations, the 

frequency of which is locked to the external one, appears in the 

wide parameter range. This would provide an experimental method 

to control the ELMs with favourable frequency (such as grassy 

ELMs) under more general situations, not necessarily in the 

vicinity of the .' /H boundaries. The urgency to control ELMs is 

now widely recognized. One candidate for the state with good 

confinement, which is free from impurity accumulation and does 

not yield a serious condition on the wall erosion, is an H-mode 

with grassy ELMs. More theoretical and experimental research 

would be requested to realize a dependable controlling method. 

— 34 — 



Acknouledgeuents 

Authors acknowledge discussions with Prof. T. Ohkawa. Dr. Y_ 

Miura and JFT-2M Group, Dr. S. Konoshima and DIII-D group. 

Comments by Prof. A. Lichtenberg is also appreciated. This n»ork 

is partly supported by the Grant-in-Aid for Scientific Research 

of MoE Japan, and by the collaboration program between 

universities and JAERI on fusion research. 

- 3 5 -



Appendix A: llodel Equation 

In this appendix, ve discuss the model foras of the 

transport equation associated with the L/H transitions. The 

present models on the L/H transition take into account the 

bifurcation of the radial electric field (and associated poloidal 

rotation). The radial current near plasma boundary can be 

written as 

Jr = Jb = Jorbit + Jconv + Jbv + Jc x
 ( A l ) 

where terms in the right hand side correspond to the currents 

driven by the ion orbit loss, convective loss of drift waves, the 

bulk ion viscosity, and the charge exchange loss, respectively. 

(The suffix b indicates that the process is strong near plasma 

boundary.) In order to study the radial profile of the radial 

electric field, the shear viscosity is also important, and we 

write 

Jr = Jb + Jv (A2) 

where Jy is the radial current driven by the shear viscosity. 

The temporal equation dictating the radial electric field is 

given as 

£j_£0 dEr/dt = - Jr (A3) 
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Using the E r and Er* dependences of Jb, the theoretical 

modelling has been developed. First brief review is made. The 

relation Jjj = 0 was used as the basic equation to obtain tie 

multiple states associated with the L and H modes in a stationary 

state. It has been found that the equation J^=0 gives multiple 

solutions, which allows the bifurcation, and that transport 

coefficient is the decreasing function of the electric field 

inhomogeneity. When the radial electric field piles up near the 

boundary, the anomalous diffusion and the loss cone loss as well 

as the bulk viscosity are reduced. The particle flux T and the 

transport coefficient D, which is defined by -r/Vn is calculated 

as a function of the gradient near the plasma boundary- Figure 

Al illustrates r and D as a function of A=~P Vn. The solution of 

the radial electric field is also obtained for the three branches 

of the function r(A), i.e., L-branch (large flux) H-brancb, (small 

flux) and intermediate (unstable) branch. The coefficient D is 

an increasing function of the radial electric field. The 

dependence of the critical gradient A C on the plasma Parameter 

has been studied. A rough estimate of the criterion is given as 

d'Acl * 1 (A4) 

for usual parameters. (d=/a/RDe/uip
 2.) 

In order to have a physics insight of the dynamic problem, 

which is the subject of this article, we here use a simplified 

functional dependence for the curve of D(A). The model form for 
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D(A) is given by the implicit function 

DCZ> - (Dmax+ Dmin>/2 + C D , a x - D a i l l ) / 2 . t a i i l i 2 U53 

and Z is a solution of the nonlinear equation N(Z;g)=0 with 

N(Z,g) = g-gn+[0Z
3-aZ], CA6) 

and 

g = dx. CA7) 

In this symbolic representations, Z is the normalized radial 

electric field, 

Z - C E.Pp/Ti - ZQ OfT) 

where the constants C and ZQ are introduced in order to take thtj 

form Eq.(A5). (C and ZQ are of the order of unity.) The real 

form D(x) is not exactly expressed by the cubic polynomial, but 

this simplification can keep the qualitative nature of the 

response function of r(x) and would be more suitable to study the 

physics of the dynamic processes. 

The nonlinear Equation N(Z;g)=0 is derived from the relation 

Jv = 0 in the stationary limit. As was discussed, JorDif ^conv 

and J ŷ have nonlinear dependence on E_, giving rise to the 

nature of the bifurcations in r(x). For instance, J orbi t ̂
s 
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approximately given as 

Jorbit = ECpn^p / /aTl] exP{-Z2]. CA9) 

(Cp is a constant of the order of unity.) From this 

consideration, we model 

Jb = J{ Jb(Z;g). (AIO) 

JK = N(Z;g) (All) 

and the normalizing coefficient Ji, which has the dimension of 

the current is given as 

Jj = CFniyiP //aTl" ** nvt (T/erB) (A12) 

except a numerical coefficient of the order of unity. The shear 

viscosity current is written as 

J v = V [ e p p n i / v T i ] M i V ( E r / B p ) 1 (A13) 

where n- is the ion viscosity. Form these modellings on the 

shape of the current, we rewrite Eq.(A3) as 

aZ 

at 

a2Z 
e — = -(De/dpp

2) Jb(Z;g) + Mi — " (A14) 
ax' 
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where the coefficient £ is given as 

£ = Cl+vA
2/c2)B 2/B 2 = B 2/B 2. (A15) 

The density develops according to the continuity equation as 

dn/dt = VD[Z;g]Vn (A16) 

For usual plasma parameters, we have e is of the order of 1/100. 

The relation between the plasma parameters and model 

coefficients (a, &, D_ov, Dmn-_) can be made if the physics model 
ui d. x m x ii 

on the radial current is chosen. As an example, we study the 

case in the model of Ref.[13]. In this model, relations 

A, « 1/d, CA17-1) 

and 

A£ = const (A17-2) 

holds as a rough estimate. At the transition point, A, and A,, 

the flux r is a weak function of d. We therefore have the 

estimations 

gu = 2/Cl+d), (A18-1) 

gm = d/Cl+d) (A18-2) 
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and 

Dmax - d» (A19-1) 

D •„ = 0.05. m m CA19-2) 

There is a free parameter in the relation between (a, g) and d. 

One candidate is 

a = 3Cl-d)/2Cl+d) CA20-1) 

and 

& = (l-d)/2(l+d). CA20-2) 

If one uses the other model for J_, parameters (a, p, Dmov, and 
X ID 3.A. 

Dm-n) have other dependence on plasma parameters. 

Much simplified analysis is performed by making the zero 

dimensional model. If one integrates Eq.(Al6) within a thin 

layer near the edge, -L<x<0 (x is the distance from the edge), we 

have 

dn/dt = Tin/L + DVn/L (A21) 

where the over bar denotes the spatial average, and r^n is the 

flux at the location x=-L. The loss time T and the source term S 
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are introduced as 

TO = -DVn/L, CA22-1) 

S = rin/L. CA22-2) 

By this notations, we have a model equations for the zero-

dimensional analysis as 

dn/dt = S -rn (A23) 

where T has the same characteristics of the multiple states as 

the transport coefficient D. 
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Appendix B: Transient Process st the L/B-Transition 

This formulation of the transport property near the plasma 

edge can be applied to the transient processes at the L/H 

transition. The zero-dimensional model is used to show an 

example of the transition triggered by the short pulse. In 

experiments, at the plasma parameters which is close to the L/H 

transition boundary, the transition is often observed to be 

triggered by a short pulse such as the heat pulse by the sawtooth 

crash. When the plasma parameter is not close enough to the 

boundary, such pulses can cause the short H-mode. These 

phenomena are simulated. 

Zero-dimensional model is solved for the parameter of a=1.5. 

In this case, the difference between nQ, and ncn is large, so 

that the region of H-phase directly connects to the region of L-

phase as a parameter of S. We choose two neighbouring values of 

S: 0.5 and 0.51. For the case of S = 0. 5, two stable states (one 

is with large r and the other is with small r) exists. We take a 

simple example of favourable pulse that 

!

SQ t<10 or t> 1 0.5 

(Bl) 

SQ/2 10<t<l0.5 . 

Figure B{ illustrates the results of SQ=0.75 (a) and 0.765 (b). 

(Parameter £ is taken to be 1/20, ot= 1 . 5, p = 2.0.) In the case of 

Fig.Bl(a), the short pulse kick the plasma into the state of H, 
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and tie plasma remains in tie H-state after the pulse goes away 

and the flux comes back to the original value. On the contrary, 

if the parameter is a little bit away from the transition point, 

in the case of S«=0.765, the pulse gives rise to the short period 

of H-states, but the states collapse and back to the L-state after 

the pulse passes away. The short fl-phase, which ends with one 

burst of loss, is caused by the short pulsative change in the 

flux from the core plasma. The duration time of the short H-

phase is much longer than the pulse width. It is determined by 

the cycle time of the trajectory in Fig.BlCb). 

This result explains the effect of heat pulses near the L/H 

transition. As the parameter approaches to the transition point, 

according to the ASDEX or JFT-2M reports, short H-phases appear 

associated with the heat pulses, and finally the heat pulse 

causes the transition to the stationary H-phase. 
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Figure Captions 

Fig.1 Normalized particle flux r as a function of the 

gradient parameter x for various values of d. The 

momentum loss \>y neutral particles is not taken into 

account. CQuoted from Ref.[ld] with corrections). 

Fig.2 Model of effective diffusivity D (i.e., ratio of the 

particle flux to the density gradient) as a function of 

gradient parameter g. See text for the definition and 

normalization. (tx=l. p=l, Dmax=3. Dmin=0.1. gQ
=1^-

Fig.3 Model of the loss rate as a function of density in the 

zero-dimensional model (solid line; <x=0. 5, £=1.0). 

Dotted line indicates the line of constant loss 

(example of Tn=l). At critical values of S, 

transitions occurs. 

Fig.4 Example of the time trace of the density (a) and loss 

(b) (zero-dimensional model). Parameters are S=1.0 and 

a=0.5 (£=1, e=0). Normalized values are plotted. 

Periodic oscillations are recovered, which are 

characterized by the sharp burst of the loss. (c) 

shows the trajectory (n, rn). 

Fig.5 OsciHation frequency f as a function of S, (a), and 
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the rate of H-phase to the period ~q, (t>) are shown. 

Parameters are a=0.5 0=1, and £=0. Discontinuous 

change appears at S, (̂  0.67) and S^ ^ 1-21). 

Fig. 6 Average oscillation frequency <f> and standard 

deviation <s in tie presence of noises. Noise amplitude 

is chosen as £.n=0. 05. Other parameters are a=0. 5 £=1 

and £=0. Frequency in the absence of the noise is also 

plotted (dotted-dashed line), showing that the effect 

is small for the parameter S,<S<So. 

Fig. 7 Typical example of the time t'.ace in the presence of 

the noise. CSQ-0.61. en = 0.05, oc=0. 5, p=l). 

Fig.8 Phase diagram in the presence of the external 

oscillation in the source is plotted on the plane of DC 

component SQ and oscillation amplitude £f. Frequency 

of the external oscillation is fixed to be 0=1, and 

(a=0.5, p=l). Mode locking is found in the wide 

parameter regime. Locking to the subharmonics is also 

found. Numbers j/k (such as 1, 1/2, 1/3, 2/3, 3/4 •••) 

indicates that the mode locking with j/k harmonics to 

the external frequency occurs in this region. Expanded 

diagram is given in (b). Original oscillation prevails 

in the dotted region. In shaded area, random 

oscillation takes place. 
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Fig.9 Typical time traces for the mode-locked oscillations. Mode 

locking to the fundamental oscillation (a) and to 

subharmonics (b: 2/3 period, c: 1/2 period and d: 1/3 

period). Parameters are £f=0.25, £2=1, o<=0.5, £=1» and 

So = 0.65 (a), 0.61 (b), 0.55 (c) and 0.505 Cd). 

Fig.10 Effect of the low frequency external oscillation. 

Standard deviation of the oscillation period is plotted 

for the parameters of ef=0. 05, Q=1/27T and Ca=0.5, 

0=1). 

Fig.11 Example of the time trace in the presence of low 

frequency external oscillations. £^=0.05, £1= 1 /2rr, 

a=0. 5 and 0=1. Intermittency of the bursts is 

observed. SQ is 0.71 (a), 0.69 (b), 0.66 (c), 0.64 Cd), 

and 0.625 Ce), respectively. 

Fig.12 Oscillation frequency as a function of time delay e. 

Parameters are S=l, «=0.5, and 0=1. Persistent 

oscillation is not possible for e>0.5. 

Fig.13 Trajectories near the stability boundary for S=l and 

(a=0.5, 0=1). The stability criteria for the fixed 

point is e=0.5. (a), (b) and (c) shows cases of e=0.4, 

0.5 and 0.6, respectively. In (a), limit cycle is 

seen. In (c). orbits converge to the fixed point. (b) 

corresponds to the marginal stability. 

— 49 — 



Fig.14 Temporal evolution of the edge density ng Ca) and 

outflux r Q U t (b). Parameters are n=l, Ti;Q=3, rn=1.25, 

a= £= 0,2. Dmax=3. and Dfflill=0.01. Trajectory in Cns~ 

rQut) space is given in (c). Spatial profiles of 

density Cd) and diffusivity (e). Time slice is denoted 

by arrows in Ca). Solid and dashed lines show before 

the burst and end of the burst, respectively. Bird' s 

eye view for the developments of the density and 

diffusivity are shown in (e) and (f). 

Fig.15 Dependence of the frequency and 'H-ness' parameter 17, 

as a function of the source fluxes. rn=1.25, I^n = 3 and 

other parameters are standard as in Fig.2. 

Fig.16 Region of the oscillation solution. Parameter space 

CDmax-rn
2 in(a) and Dmill-rn in (b)) is divided into H-

phase, L-phase and Elmy phase. ELMy region appears 

between those for H-phase and L-phase. At large ot-

values, the H-regime directly connects to the L-regime. 

Parameters are as in Fig.2. 

Fig.17 The n-dependences of the thickness of the transport 

barrier (a) and the oscillation period (b). a=p=0.2, 

and other parameters are standard values as in Fig. 14. 

Dependence as 4 « n 0 > 4 3 and r « M is 

found,confirming the analytic estimates. 
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Fig-18 Oscillation period as a function of the layer width. L. 

flhen the length L of the calculation is much longer 

than the width of the transport barrier A, the 

oscillation frequency is not influenced by L. (Other 

parameters are standard as in Fig. 14.) 

Fig, 19' Example of sharp* loss pulses, for which the pulse width 

is less than \/io of the oscillation peTioo.. 

Parameters are a=0. 2, 0=a , rn = 0.45 near the boundary 

between H and ELUy states. (Other parameter si same as 

in Fig. 14. ) 

Fig.20 Temporal evolution of the loss flux in case the delay 

time is long (e>0). Case of e=0.1 (a) is compared to 

the case of e=0 (b) and 0.5 (c). If e is finite, the 

oscillation frequency becomes small, and the pulse of 

the loss is less sharp. In the case of (c), the final 

solution converges to the L-state. 

Fig.Al Relation between the flux, transport coefficient and 

radial electric field as a function of the normalized 

gradient at edge. (See. Ref.[15].) 

Fig.Bl Temporal change of edge density and flux associated 

with the short pulsative reduction of source flux in the 

period of 10<t<10.5. Parameters are a=1. 5, 0 = 2.0, 
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£=1/20 and SQ=0.75 (a) and 0.765 (bD. S=SQ/2 in tha 

short period, and is Sg elsewhere. The transition t 

the H-mode is triggered in (a), but the state returns 

back to the L-mode in Cb)- The duration of the snort 

phase in (b) is much longer than the pulse width. 
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