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abstraet

A model of Edge Localized Modes (ELMs) in tokamak plasams is
presented. A limit cyele solution is found in the transport
equation (time-dependent Ginzburg-Landau type), which a has
hysteresis curve between the gradient and flux. Periodie oseil-
lation of the particle outflux and L/H intermediate state are
predicted near the L/H transition boundary. A mesophase in
spatial structure appears near edge. Chaotic oscillation is

also predicted.



Edge Localized Modes ( ELMs ) are a regularly observed pheno-
mena characterized by the sudden drop of the edge density/temper-
ature with a burst of partiecle/heat during the H-phase in tokamak
plasmasl}. When the density/temperature near the plasma edge
exceeds a certain threshold value, an L- to H- mode transition
takes place.2) The ELMs have shown a variety of appearances and
appear in a some restricted parameter space of the H phase. They
are the single ELM1’3!4), big/small ELMs or grassy ELMs associ-
ated with a quasi-periodie osecillation of Ha burstss), and their
mixtures,l:377) Their phenomenological characterization has
recently been begun in experimentsa’s). Amoeng them, the H-mode
with small and frequent ELMs is a candidate for standard opera-
tion in future experimental tokamak reactor. Research to obtain
the ELMy-H mode by an external contrel ( e.g., EML in JFT-2M
tokamakT)) is an urgent task. However, key physical mechanisms
for discriminating various kinds of ELMs are not yet known.

Regarding the periodic oscillations of ELMs, giant-ELMs and
small-ELMs have a similar ratic between the period of the ELM and
the duration of each burst, whiech is of the order of 10, and the
associated energy loss ratio is also of the order of 194'8). In
grassy—ELMss’B), a different type of oscillation has been observ-
ed. The period and duration of the burst have similar values as
Is shown in Fig.l. The grassy ELMs, which we analyse here, only
appear near the L/H transition boundary7).

A comparison with critical-p analysis due to the MHD bal-
looning mode3:9) has been applied to explain the ELMs. The

analyses have shown that the onset of some ELMs occurs far below




3) of a

the critical pressure gradient. Resistive MHD analysis
surface peeling mode may partly explain ELMs, however the assumed
current/pressure profiles are not yet experimentally identified.
Futhermore, there remains a guestion for MHD models why the
structure of associated fluctuation/transport is insensitive to
the surface g value and current profile. The period and duration
of the grassy ELMs are left unsolved in MHD analysis.

A model of ELM as a eyelic oscillation between L and H
phases due to impurity accumulation has been proposedg). Up to
now, however, the impurity accumulation is considered tc be the
associated phenomena3!10). Characterization and classifiecation
of ELMs based on the theory have not been done.

In this paper we propose a more complete model of grassy-
ELMs (see Fig.l). The L/H transition has been observed to have a
hysteresis curve between the thermodynamie forces,( e.g., the
density/temperature gradients) and assocliated flows.2»3) Previ-
ous theoriesll>12} have predicted the sudden L/H transition
associated with the radial electric field change. Experimental
observations3719) during the L/H transition confirmed the struc-
tural changes in poloidal rctation and radial electriec fieid.

The theories of Ref{11,12) are extended to include the temporal
evolution and the spatial diffusion. The newly obtained equa-
tions for the edge density and the radial electric field are of
the time-dependent Ginzburg-Landau fype, which contains the
solution of a limit eycle oseillation. This oseillation is
attributed to be one class of grassy~ELMs. A model S-curve is

employed in the phase diagram of the density gradient and the



particle fiux. The internal structure is obtained and shows the
existence of an intermediate state ( mesophase ) of L and H
phases near the edge region. We assume a uniform temperature,
since the ELMs discussed in this paper are experimentally insen-
sitive to the heating power.

Model equations consist of the radial transport equations
for the density n with the effective diffusivity D, and for the
normalized radial electrie field (eor poloidal rotation ) Z with
the viscous diffusivity p. The value of D can be multi-valued and
a function of Z. The equations contain a force, which is a

nonlinear function of the density gradient and are given by

an a an
— = —D(Z)— (1)
at ax X
aZ 3%z

e — = N(Zig) + u—s (2)
at ax

The nonlinear cperator N is proporticonal to the radial eurrent
re—ri, which arises from ion orbit loss, drift wave convection
and ion parallel viscous damping. Solutions Z{g) in L and H

phases are given by N(Z;g) =0 (g « ppn'/yn; is the ion poloid-

Pp
al gyroradius and y is the ion collisionality.)ll’lg), which show
the transition between multiple states. The parameter ¢ indi-
cates a small coefficient showing that Eq.(2) has a faster time

scale than Eq.(1) when p and D have similar magnitude. The curve

of N(Z,g)=0 for the given value of €y is shown in Fig.2. The

is



large D and the small D branches correspond to the L and the E
states, respectively. In the zero-dimensional analysis, the
transition from L. to H or H to L occurs at certain values of g
(AsB [LsH] or B'sA' [HaL)). The radial and tfemporal sfructure
Z{(x,t) is obtained here.

To model the dynamics of the L/H transiticn, we use the

simple S-curve of N and D as
N{Z,g) = g—gg+[923"aZ]

D(Z) = (D

max*Pmin? /2 * [(DpayxDpipt/2]-tanhZ

In writing explicit forms of N and D, we normalize ¥ in Ppo D and
g in Dy (which are typical values in the L-phase), t in ppszo,
and flux T in Dono/pp. The normalizing density n, is chosen so
as to satisfy gp=1. sm(p/pp)Q (p is the ion gyroradius)lﬁ}. In
the following, we use the normalized variables. p/D0 is the
diffusion Prandtl number PD' Parameters gg, o, 8, Dmax’ Dmin and
p/Dy are treated as constant.

We numerically solve Egs.(1) and {(2) assuming that g<<1.
Actually, we here take a simple condition that 3Z/at = 0 (g = 0
) to solve the temporal evolution of the density. Equation {(2)
is a kind of time dependent Ginzburg-Landau equation or the one
which is used to analyse the reaction diffusion system in chemi-
cal reactions. The system contains so-called slow manifold

structure due to the assumption with respect to the time scales.

The slab region near the plasma edge, -L<x<0, is our inter-



est. As the boundary conditions, at the plasma edge (x=0), we
impose the constraint that (n’/n)anb is fixed. We discuss the
case of a=1 and b=0. At the core side (x=-L), we give the parti-
cle flux [y,.

Sclving Egs.(l) and (2) with £=0 we find the state with the
periodic osecillations of the edge density ng, and the loss flux
Iout in the restrieted parameter space near the boundary of the L
and H phases. The flux Fout 1s defined at x=0. In Fig.3, the
temporal evolutions of Fout (2), which corresponds to the H,
burst, and the Lissajous figure of ng and Fy,¢ (b) are shown.
The parameters are; go=1l, «w=0.2, p=0.2, D

3, D 0.1, p=t,

max” min~

I'jp = 1.25 and xg(=-n/n’ at the edge)= 1.

These oscillating solutions are possible in the intermediate
regime between L and H phases, and are attributed to ELMy-H mode.
The time averaged density is between that in L phase and that in

H phase. The parameter space where the ELMy-H mode appears is

found to be
Dm/(gmAS) < Tinig < DM/(EMAS), (3)

where g.= g0-28(a/38) %2, gy= g0+28¢a/3p) 3’2, D_=D(2=/5735) and
Dy=D(2=-/a73g) and ig « g_l, as shown in Fig.2. In this param-
eter regime, the cross-over point of the hysteresis curve and the
g value at the edge becomes unstable and the limit cycle solution
on the g and D plane (see Fig.2) appears. When Tin is large so

> DM/gM we find the stationary L state ; and

4s to satisfy rinASQ

the H state with steep density gradient is found in the region




rinASQ < D/ 8- Therefore the ELMy-H state found here is the
mesophase of L and H phases. If the condition D /g, >Dy/gy helds,
no oscillation is allowed.

The existence of the mesophase of the L and H phases is seen
in the radial structure of the density and the effective diffu-
sion coefficient D. In Fig.3 (c) and (d), their radial struc-
tures are shown at the times of high and the low econfinement. A
transport barrier is formed in a phase of rising density. A
smooth curve of D is formed due to the finite viscosity plT).

The thickness of the barrier, p, is estimated as A =~ /2gu/o in
the small p limit. Numerical calculation gives Au“0'44, confirm-
ing this analysis. ( L satisfies L>>p, so that o is not limited
by the ecomputation region.) In this region, there exists the
poloidal rotation. The radial width p is different from the
width of the density inversion region.

We study the parameter dependence of the period ¢ of the
ocscillation. The numerical computation gives 7 =~ CaASADM_l where

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

in Eq.(8), A. is bounded in a narrow region to realize the oscil-

s

lation. 1If the ratio ASZ/DM and other parameters are fixed, we

-0.5
have I“DM

2

over a wide range. On the other hand, if the value

of T's.a -0.5,

in*s and other parameters are fixed, we have 7o« T

in
The ratio of the time interval of good confinement (tH) to

T, n=rH/z, represents how close the intermediate state is to the

H-mode. (In the H-mode, n=1; n=0 for the L-mode). In the param-

eter space predicted by Eq.(3), n takes intermediate values

between one and zero. =% is a decreasing funetion of rinlsz’ and



is discontinucus at the boundaries D, /&y and Dy/8y- For oseil-
lating solutions, n takes its largest value Mmax &% rin*s2=
Dpn/8m+  7Tmayx 1Dcreases and approaches unity if D, becomes close

to D This is confirmed by reducing Dy t0 Dpjp by fixing €me

min*
For instanee, by taking «=0.2 and a=a3, 7 can be greater than
0.95, i.e., the period is 20 times longer than the pulse width.
In cther woerds, the H-ness depends on the transition strueture.

This model with ¢=0 produces the periodie birth and decay of
the transport barrier and asscciated bursts of the outflux from
the plasma surfaee. TFor the case of g#0, another time scale is
introduced in the solutions of Egq.(1l) and (2). Chactic as well
as intermittent appearances of the bursts are predicted. When we
introduce the neutral partiele effect to Eg.{(1) as a random
noise, we also observe the intermittent state and the chaotie
appearances depending on its noise level. Details of these
effects will be discussed in a separate article.

In summary, the theoretical model of ELMs are developed by
extending the bifurcation model to the time-dependent diffusive
media. A time—dependent Ginzburg-Landau model equation with the
spatial diffusion is applied. A periodic solution of the plasma
density and outflux is found revealing a sequence of bursts of
plasma loss. The mesophase is found near the plasma boundary.
The width of the transport barrier was found to be proportional
to /?B. This medel reproduces the oscillations in which the
decay time of the loss and period are comparable. The region of
this nonlinear oscillation 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.
The parameter dependences of the period and "H-ness" 7 are studi-
ed to identify the intermediate state. The finite diffusion
time of the electrie field leads to chaotic oscillations. Fluet-
uations in the source flux or external oscillations also cause

additional chaotic osciilations of n, rout and Er.

This work 1s partly supported by the Grant-in-Aid for Scien-
tific Research of MoE Japan, and by the collaboration program
between universities and JAERI on fusion. Authors acknowledge
Prof. A. Lichtenberg for the discussion and the critical reading

of the manuseript.



References

(1]

[21]

[4]

(6]

(7]

(8]

(9]

(10]

M. Keilhacker, G. Becker, K. Bernhardi, et al., Plasms Phys.
Controlled Fusion 28 (1984) 49.

F. Wagner, G. Becker, K. Behringer, et z2l., Phys. Rev. Lett.
49 (1982) 1408.

The ASDEX Team, Nuel. Fusion 29 (1389) 1959,

P. Gohil, M.A. Mardavi, L. Lao, et al., Phys, Rev. Lett. 81
(1988) 1603 ; D.H. Hill, T. Petrie, M.A. Mardavi, et al.,
Nucl. Fusion 28 (1888) 902 ; D.P. Schissel, K.H. Burrell,
J.C. DeBoo, et al., Nucl. Fusion 29 (19838) 185.

DITI-D Team, in Plasma Physics and Controlled Nuclear Fusion
Research, 1990, Proceedings of the 13th International
Conference, Washington USA, paper CN-53/A-1-4.

T. Shoji, et al., in Controlled Fusion and Plasma Physics (
Proc. 17th Eur.Conf.Amsterdam,1990), Part 3 (1990) 1452.

Y. Miura, H. Aikawa, K. Hoshino, et al., in Plasma Physics
and Centrolled Nuclear Fusion Research, 1990, Proceedings of
the 13th International Conference, Washington USA, paper
CN-53/A-4-8,

T. Osborne, K.H. Burrell, T. Carlstrom, et al., Bull. Am.
Phys. Soec. 35 (1980) 1975.

T. Ohkawa, 8.-1. Iteh, K. [toh, Kakuyugo Kenkyu, 5% (1988)
488.

F. Wagner, F. Ryter, A.R. Field, et al., in Plasma Physics
and Controlled Nuclear Fusion Research, 1990, Proceedings of
the 13th International Conference, Washington USA, paper

CN-33/8-4-2.

10



[14]

{15]

[16]

[17]

S.-I. Itoh, K. Itoh, Phys. Rev.Lett. 60 (1988) 227¢%.

K. C. Shaing, E. C. Crume, Phys. Rev. Lett. 63 (1989) 2369.
R. J. Taylor, M. L. Brown, B. D. Fried, H. Grote, J. R.
Liberati, G. J. Morales, P. Pribyl, D. Darrow, M. Ono, Phys.
Rev. Lett. 63 (1989) 2385.

R. J. Groebner, K. H. Burrel, R. P. Seraydarian, Phys. Rev.
Lett. B4 {1994) 3015.

K. lda, S. Hidekuma, Y. Miura, T. Fujita, M. Mori, K.
Heshino, N. Suzuki, T. Yamauchi, JFT-2M Croup,, Phys. Rev.
Lett. 65 (1990) 1364.

S.-1. Itoh and K. Itoh, Nuel. Fusion 29 (1989} 1031.

E. Yahagi, K. Itch, M. Wakatani, Plasma Physics and

Controlled Fusiond0 (1988) 995.

11



Figure Captions

Fig.1

Fig.2

Fig.3

Time trace of the Ha intensity of the grassy H-mode in
the JFT-2M tokamak, Ha is given in arbitrary units.
For details of the discharge conditions, see Ref.[7].
Mcdel of effective diffusivity D (i.e., ratio of the
particle flux to the density gradient) as a funetion of
gradient parameter g. See text for the definition and
normalization. (x=1, g=1, Diax=3s Dpin=0-1, gp=1).
Temporal evolution of the outflux{a) and the Lissajous
figure between the edge density and the outflux(b).
Parameters are p=1, I'ip=1, AS=1.25, and others are the
same as in Fig.2. Spatial profiles of density (c) and
diffusivity (d). Time slice is denoted by arrows in
{(a). ©Solid and dashed lines show before the burst and

end of the burst, respectively.
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