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Edge Localized Modes as New Bifurcation in Tokamaks
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A model of giant edge localized modes in tokamaks is developed. The theory of self-sustained
turbulence of a current-diffusive ballooning mode is extended. A bifurcation fronHtimeode to a
third state with magnetic braiding, thd mode, is found to occur if the pressure gradient reaches
a critical value. Nonlinear excitation of magnetic perturbation takes place, followed by catastrophic
increase of transport. With backtransition to #iéL.) mode, a new hysteresis is found in the gradient-
flux relation. The process then repeats itself. Avalanche of transport catastrophe across the plasma
radius is analyzed.

PACS numbers: 52.55.Fa, 52.25.Fi, 52.35.Kt

The H mode in tokamaks [1] is a bifurcation phenom-  Recently, a new theoretical methodology for the plasma
enon in confined plasmas and is one of the typical exturbulence, i.e., the theory of self-sustained turbulence,
amples for the structural transition in the system far fromhas been developed to explain tHe and H-mode
thermal equilibrium. This state is associated with the selfconfinement [10,11]. In this framework, the possibility
regulating dynamics, such as transition, transport barriefor the onset magnetic stochasticity and the catastrophe
formation, and pulsating plasma losses. The latter dyef transport was identified [12]. This is applied to
namics, which are called edge localized modes (ELMs}he current diffusive ballooning mode (CDBM) in the
[2], have attracted wide attention from the interest of nonpresence of the radial electric field shear, which is relevant
linear dynamics as well as of fusion research. for the study of theH mode in tokamaks [5,13]. It is

Various kinds of ELMs have been identified in ex- found that the self-sustained magnetic braiding, associated
periments [2,3]. The small and frequent one, known asvith the sudden enhancement of transport coefficient and
dithering ELMs, was explained in terms of a limit cy- fluctuation level, occurs if the pressure gradient exceeds
cle due to the hysteresis characteristics in transport ana critical value. This new state ¥f mode”) persists
electric field structure [4], based on the electric field bi-until the pressure gradient becomes lower than another
furcation model of theZ mode [5]. This picture has been critical value. A new hysteresis in the flux-gradient
confirmed by experiments [6]. At the same time, otherrelation is found, and the periodic dynamics consisting of
kinds of ELMs, the repetitive occurrence of isolated gianta fast burst of fluctuations, a fast crash, followed by the
bursts, have been widely observed. Due to a possibility o§low buildup of pressure gradient is obtained. Contrary
serious impact on the fusion device, this kind of ELM hasto previous ELM models [4,6,8,9], this new hysteresis
been intensively studied in experiments. The conditiorexists even without including the flow shear dynamics.
for the occurrence of bursts was observed to be close tdhe critical pressure gradient is found to be close to
the stability boundary against the linear ideal ballooningexperimental observations. The frequency of this cycle
mode [2,3,7]. However, it was noticeable that the magand the avalanche of transport catastrophe across the
netic fluctuations, which suddenly start to grow at the onplasma radius are also analyzed. This mechanism not
set of the crash, change the growth rate abruptly withoubnly explains giant ELMs in tokamaks but also serves as
being preceded by a variation of the equilibrium plasmaone typical example of the self-regulating dynamics in the
profile. This observation clarifies that the giant ELMs arenonlinear systems far from thermal equilibrium.
essentially nonlinear and catastrophic events, not conse- We study CDBM turbulence in high-aspect-ratio and
guences of the growth of linear instabilities. Several the<circular tokamaks. To analyze self-sustained turbulence,
oretical efforts have been made as explanations [8,9], e.ghe eigenvalue equation of the dressed-test mode was
including the quasilinear dynamics of magnetohydrody-derived, in which nonlinear interactions are renormalized
namic (MHD) mode [9]; however, the understanding ofin a form of anomalous transport coefficients as [11]
giant ELMs is far from satisfactory. |
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The following notation is usedp the perturbed pressure, 4
v the growth raten the toroidal mode numbey, «, and
A stand for thermal conductivity, viscosity, and current 3l i

diffusivity, respectively, F =1 + (sy — a sing)?, 7
the ballooning coordinate [14¢ = —¢?RB’,s = rq'/q,
g the safety factor,R the major radius,a the minor
radius,wg; = E.7a,/B, TAg = gqR/V4 (V4 being Alfvén

velocity, andB = 2uop/B*. A caret indicates normali- 1+ -
zation ¥ = y7a,, L = pTapa 2, ¥ = xtapa %, and

A= (6/a)*p., where§ is the collisionless skin depth. 0

Although Eq. (1) was derived in the limit of X B 0 1

transport, the same equation is formally obtained in

., ; ‘L : ; FIG. 1. Size of the magnetic island,;;, and the separation
the limit of magnetic stochasticity [15] with different distance of the mode rational surfack as a function of

eigenvaluesy, A, p). a. (Parameterss/a = 1072, g =3, ¢ = 1/8, s = 1.5, and
Equation (1) determines the transport coefficient, the,,, = 0.12.)

fluctuation level, and the scale length of fluctuations. The
Prandtl numbers were found to be close to unity [10],%
and we sefy./u. ~ xi/mi ~ 1 here for simplicity. The
transport coefficient was obtained as

af is close to unity, and that it is increased by the
magnetlc shear or by the radial electric field shear.

For comparison with experimental results, Eq. (1)

232 s is solved numerically. The solution for the least
1= < > Xe (2) stable modes is obtained for given equilibrium pa-
g(s,a)1 + G(s, @)of] Xi’ rameters (a,s,e,...). The critical condition is
where the coefficientg andG, which are of the order of calculated. In calculatingB,, the evaluationk? =
1 and 10, respectively, are given explicitly in [10,12] andn?q® [~..(sp — a sim)?*p(n)2dn([".. p(n)*dn)~" is
are not repeated here. used with the solution op. Figure 1 illustrates the island

In the H mode, (and theL mode as well, which width and separation distance as a function of the pressure
is given by taking the limit ofwz; — 0) the E X B gradient. It confirms ther dependencies aA;, and d,
transport dominates, and the relatio./%; =1 and demonstrates that the island overlapping condition
holds. Introducing normalization a® = ¢/savaBy, Iis satisfied wheny is of the order of unity. Figure 2
129, = aky,,, B, = B,/eBy,, the static potential shows the critical conditions for the magnetic braiding
perturbation and the scale Iengths were given af thes-a diagram. The thick solid line shows the case
¢HL = %ui, ko =[g(1 + GoE)a"'1"2a/5 and of weak radial electric field shear, and the thick dashed
k, = sg ' 2(1 + Gwz,)*ky, respectively [11]. Ohm’s line indicates the stronger case. The critical boundary
law gives the relation between the static and magnetie? increases approximately linearly in the high shear
perturbations a8, = s(kja?/8%%k.)¢/%. Substituting case. TheM-mode transition disappears in low shear
k., we obtain the magnetic fluctuation amplitude in theand high« region, where the second stability from the
H (L) mode as ideal MHD analysis has been predicted. For reference,

Y 2 -1 2 \—2 2 \—7/4 the boundary for linear ideal ballooning instability is also
B; g (1457 I+ Gog) (1 + Gog) shown, WhiC>;1 turns out to be close tg the bour)1/dary for
X a¥?8/a. (3)  nonlinear bifurcation.

Based on Eq. (3), the critical condition for the magnetic When the magnetic perturbation is so large as to sat-
island overlapping is derived. The magnetic island sizdsfy the Chirikov criterion, Eqg. (4), the electron transport
Aj, is estimated ad;;/a = s~'B, for the oddys (even- is more strongly enhanced than that of ions, > x;.
¢) mode, where)s is the parallel component of vector po- Under these circumstances, Eq. (2) shows that the ion
tential. The magnetic island width expands in proportionand electron transports are strongly enhanced from the
to a2, The separation distance of each rational surface H-mode (-mode) transport. In the case for stochastic
can be estimated bi/ d/a = (slzg) . ltgrows in pro- magnetic field, the turbulence renormalization gives the
portion t0a1/2. The Chirikov condition for island over- relation between the quctuat|on IeveI and transport co-

lapping, A, = d/2, is satisfied if the pressure gradient efficient asy¥ = (v../va,)ek, 'M,B,, wherev, is the
becomes hlgh enough. Using Eq. (3), the threshold corglectron thermal velocity (see, e.g., [16]). When the elec-
dition is given as tron decorrelation time due to transpeft. is shorter than
J2 —_— the transit timer?¢, i.e., 4. /7¢ < 1, thenM; = 7d../7¢
a > 21+ Goi) (1 + sg” \/1 + Gwg ) holds [17]. |fT§eC/7'te > 1, one hasM, = 1, which was
analyzed in [18]. Introducing the rati® which is dis-
= CH (4) cussed later, the enhanced transport coefficient is ex-

When o increases and reacheg’, fluctuating islands pressed as N
overlap. The condition (4) shows that the critical value &) = \lmi/m.Mx¥, 3" = mi/meMgn., (5)
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FIG. 2. Boundary of theH to M-mode transition in the a oy al! Ina(AU)
s-a diagram. ‘The thick solid line indicates the boundary for gy 3 Multifold solution of self-sustained turbulence. Ther-

wgi = 0.1 and the thick dashed line faog, = 0.5. The M- 5y js shown as a function of the pressure gradient param-
mode transition does not occur for the case of lower magnetig;q, ,

shear. The thin dotted line indicates, for reference, the linear

ideal ballooning mode instability.
9 Y well: The electron and ion energy, as well as the density,

collapse. The time scale for the turbulence growghis
given by the inverse of the nonlinear growth rate [10] as
For ~ 513g10(1 + s2g71)"/3a 712 being the order of
he poloidal Alfvén time. Pressure is increased outside
‘r > rcp) andis reduced inside < rcp). Thus the pivot
S‘point of the pressure perturbation is close to the radius
= FCh-
The chainedM-mode transitions propagate from=
n. The typical time scale of the avalanche is order
BY = 5g7 ' (1 + Gwky) V4mi/m) VMM ! estimated from a simple model of dominos. The time
—1/2 for profile change at = rcy, is given roughly byrM =
% ’8’2 az(é/a), . ©) (€M)?2/xM, and the steepening of pressure gradient is
where 8; = vj;/vj. The backtransition from thé/ to  inquced at- = rcy *+ €M, leading to the onset of critical
the H (ﬁ) mode is obtained by calculating the island ¢ongition at these locations. [The scale lenéjthis given
width A;; and the spacing of the r:_:l’{lonajlwsurfadé’. as(k™)~'.] The transport catastrophe propagates at the
SubsUtutmg_Eq. (6) andy ., the conditionAj, > aM /2 speed of the order of,,, = ¢ /7. If the avalanche
can be rewritten as occurs in the regiom, < r < rcy, the propagation time
a=gs X1 + Goz) PM/M)?¢*B; = oM. (7) is given by, = (rcn — r,)7 /€Y. Itis much faster
The region of the multifold branches is deriveda =  than the diffusion time of the. phase,rjis = (rch —
a = all. The enhanced transport coefficient in the ~ "»)"/x.. The locationr, could be the place where the
state and the multifold branches in self-sustained turbubysteresis disappears, i.ey (r,) = a/(r,).
lence provide a new hysteresis in the flux-gradient rela- Finally, the period of ELM bursts is derived. The pe-
tion if &} < a!. The schematic drawing of the various fiodic dynamics occurs if the power across the plasma
branches are shown in Fig. 3. The relatjpfw; s) has the surface, Po, exceeds the threshold valu@y =
nature of cusp-type bifurcation, and the cusp point is deter27>aRB*/ nog*R) xn(a!)af. The frequency of ELMs
mined by the relatiomr}’ = af. Hysteresis disappears if VELm IS given asvpLy = (15 + 7 + 1), wherery is
a¥ < o is not satisfied. the time during which the value ef increases frona; to
A cycle, the sequence of which consists of (1) the®c - Sincery andr,y, are much shorter thary, the ELM
buildup of pressure gradient i mode, (2) thet-to-M  period is approximated ag: v = 74'. An analytic esti-
transition ate = o, (3) the crash of plasma profile by mate ofvgLwm is given by balancing the input and loss en-
the M-mode transport, and (4) the backtransition to theergies asPou/veLm = (@m2aA?B?/2u0q°) (a? — ai’)
H at a = &, is attributed to a giant ELM. At some for Poy > PG "™ (whereA is the typical radial width
location near the edge = rcy, the Chirikov condition of the ELM, A = a — r,), showing thatvgpm = Pou
for the magnetic island overlapping, = «”, could be if (4m2aA2B?/2u0q?) (a” — a}') is a weak function of
first satisfied. A catastrophic transition sets in, and theP,,,. The dependence ofz; .\ On other parameters could
rapid electron loss occurs and the fast ion loss is caused ag derived from this relation.
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where M = 14 /7} for rg4e./7i <1 and M, =1 for
Thee/T > 1 [17]. This result is consistent with the one
for the double streaming regime in [17].

The level and fluctuation scale lengths are calculate
In the M mode, the fluctuation scale length become
longer,(ki")~! = (kE)~""(M2m;/m.)"/*. For cases where
the ratiosky/k, andk,/ks are unchanged from those in
the H (L) mode, the magnetic perturbation is calculated as..
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In summary, we presented a theoretical model of a giantio this model with hysteresis. This theory could be altered
ELM as a bursting phenomenon caused by Mienode if the tearing modes are unstable, suggesting the necessity
transition inside the plasma edge. The cycle of burst andf careful study on the edge current profile. The study
recovery is attributed to the type-l ELM. Th¥-mode on the ion mass effects on tl#&-mode performance was
is a transient phase of giant ELMs during which the fieldstarted [24], and the impact on ELMs will be discussed
lines become stochastic because of violation of Chirikovn the future. For the explanation of the type-lll ELMs,
criterion. This model explains several features of the giananother theory would be necessary. This is left for future
ELM: the sudden crash, rapid radial propagation, the poweanalysis.
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