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Based on three-dimensional simulations of the Braginskii equations, we identify two main parameters
which control transport in the edge of tokamaks: the MHD ballooning parameter and a diamagnetic
parameter. The space defined by these parameters delineates regions whereLtypictd levels
of transport arise, where the transport is catastrophically large (density limit) and where the plasma
spontaneously forms a transport barrir fnode). [S0031-9007(98)07608-X]

PACS numbers: 52.55.Fa, 52.25.Fi, 52.30.Jb, 52.35.Ra

The tokamak edge region, comprising the transitionpressure gradient, above a thresholdain causes ae-
zone from the inner, hot core plasma to the outer, coldluction of the transport. Since such a reduction would
scrape-off layer, exerts vital control over the plasma disnaturally lead to a further steepening of the edge pres-
charge through its role in thé-H (low-high confine- sure gradient, this region of higher and «, is unstable
ment) transition [1,2], the density limit [3], and the edgeto the spontaneous formation of a transport barrier. The
temperature pedestal. We claim here, based on thredoundary of this unstable domain defines the onset con-
dimensional simulations of the Braginskii equations, thatition for the L-H transition in our model. Finally, the
these phenomena are fundamentally linked to the deglobal stability of the edge pedestal and the relative roles
pendence of the turbulent edge transport on two diof finite « and E X B shear are explored in dynami-
mensionless parameters: the MHD ballooning parameteazal simulations of the barrier formation process. These
a = —Rg’dB/dr and a diamagnetic parametey; (de- simulations confirm that thE X B shear effect can sta-
fined below). The space spanned by these parametershdize turbulence during the formation of the barrier [6,7].
shown in Fig. 1. In the weak diamagnetic limit (small We also find, however, that, for smadt, the E X B
ay), the simulations show a dramatic rise in the transshear alone is not sufficient to trigger a transition due to
port with increasingx that leads to high transport levels the strong positive dependence of transport on the plasma
even at smalkx values well below the limit of ideal bal- pressure gradient.
looning instability [4,5]. We associate this behavior with  The simulations are carried out in a poloidally and
an effective density limit beyond which stable tokamakradially localized, flux-tube domain that winds around the
operation is not possible. At highet; ~ 1, on the other torus [8]. Assuming a shifted-circle magnetic geometry,
hand, thex dependence of the turbulence is reversed, withthe nonlinear equations for perturbations of the magnetic
small but finite values ofr leading to a strong suppres- flux ¢, electric potential, densityii, electron and ion
sion of transport. In this regime a local increase in tpetemperatureie, T:, and parallel flows) are

alo g + aqdy b (1 + 1.719.)] = Vil — aa(p. + 0.71T,)] =T, (1)

Vi d V(@ + 1agp) + C(p + G) — V7 =0, 2)

dit +9,¢ =F, F=¢,Clp — ayp.) — €,V + age,(1 + 7)V}J, (3)

d,T; + mayé = %[F + %en 7a,CT; + w; V(Y T; + &n,-ayfb)], 4)

diT, + oo, ¢ = 3 [F — 3 €,04CT, + 071age,(1 + 1)V + k,Vy(ViTe + anedy )], (5)
dio) = —&,[V)(p + 4G) + 2m)*ad,f], (6)
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FIG. 1. Edge plasma phase space. FIG. 2. (@) T, (a) for ay = 0.25 (squares);a, = 0.5 (tri-

angles),ay = 0.75 (asterisks)py = 1 (diamonds); (b)), (e,,)
B for a; = 1 anda = 0.05 (solid line); @ = 0.6 (dashed line).
where Vy=9, +az XV, ¢ -V,, d =9, +7X

7 2 2 2 AT
[Y:B?Z#Z)l‘l‘ A(z)vsin(_27£2§ je/]xa(Z)fygin(;wazy)’a A(S ; In the smalla,; case, the turbulence results mainly from

N ) ~ X o the nonlinear development of resistive ballooning modes
2msz — a~SIn(27T2z)~, G =2,[C(¢ + 7aapi). ~4(€u/ 8] The enhancement of the transport at higlerin
e)Vo)l, J = Vi‘”{ Pa =0+ Ta, p =,(Pe +7Pi)/  this case is due to the dependence of the turbulence on
(I +7). The time (), perpendicular X,y), magnetic field perturbations [4]. For very smalj <
and parallel £) normalization zscales aré’o = (.3 the transport becomes extremely large even at small
(RL,/2)'? /ey, Lo = Lz[c?nll/(“W”AtO)]l/z’ andL; = 4 ~03. The evolution of the edge into this regime
2mqq.R. The diamagnetic and M£—|D parameters aréyoyld lead to a large flux of plasma from the core
ag = pscsto/[(1 + 7)LyLol, @ = qRB/L,.  Other inig the edge and a possible radiation collapse. Since
parameters are = Tio/Teo, Na = Ln/L1,, € =a/R, o, «T//u while a = T, the limit of small &, and
€, =2L,/R, €, = e /(4mq,), & = 2m)*aL,/L,, finite « is consistent with larger and smallerr, and
L,/L, =[1 + 5.+ 7(1 + )]/ + 7), ke = in Fig. 1 we label the rough boundary of this forbidden
L6aje, (1 + 7), ki = 0.064(m,/m;)"*752aje,(1 +  zone as a “density limit.” In agreement with this, the
7), vp = 0.16m2¢2k;. The parallel coordinate values edge discharge parameters at the density limit in ASDEX-
z = 0 andz = *=1/2 represent the outboard and inboardU are similar to those given previously, aside from a
midplanes, respectively. The transverse flux coordinatelower temperature?, = 50 eV) [9], with corresponding
x,y correspond to local radial and poloidal variables.values ofa; ~ 0.3 anda ~ 0.5. The energy diffusion
Unless noted otherwise, we consider the val@es 1, rate predicted by the simulations for these parameters is
=16 =002 €=02g¢,=3, m =mn =1 and immense:D =T, Dy with Dy = Lj/ty ~ 60 m*/s and
mi/m, = 2. [see Fig. 2(a)]I',, ~ 1. This picture is also consistent

The application of a fluid model to tokamak edge with observations on Alcator-C that confinement degrades
discharges is reasonable because the mean-free path adf the density limit is approached [3].
electrons A, is typically smaller than the connection In the casea, ~ 1, resistive ballooning modes are
length L,. For parameters at the-H transition in the weakened by diamagnetic effects [8], and the turbulence
case of ASDEX-U [9], for example)./L, < 0.05 (R = is predominantly caused by a nonlinear electron drift wave
165 cm,a =50cm,B=25T,T, = 100 eV,n ~ 3 X instability [8,10]. This instability relies on the nonlinear
10 cm?®, Zs = 2, ¢ = 4). Further, sincev.;, > 1  production of poloidal pressure gradients, which (unlike
(in the ASDEX-U examplep., > 20), trapped particles radial gradients) excite unstable drift waves even in the
should not play a major role. Finally, the dominant modespresence of the equilibrium magnetic shear [10]. The
in our simulations satisfy, p; < 1. drift waves grow due to the convection of the electron

Figure 2(a) shows the normalized, poloidally averagedressure across the magnetic field, which generates a
ion energy fluxT',, = —(pi¢,) versusa for various parallel pressure gradieRp, and an associated parallel
values ofay. For smalla,; < 0.5 the transport increases current through Ohm’s law. This process, however, is
strongly with increasingy, while for largera,; ~ 1, the inhibited by electromagnetic effects at very small This
transport at highet is suppressed. This reversal reflectsis because the electrons at higlaeconvect the magnetic
the fact that the turbulence in the small and lagge field together with the electron pressure, leading to a
cases is driven by different mechanisms with contrarylarge reduction oV p, relative to the electrostatie; = 0
dependences on electromagnetic effects. limit. This effect can be illustrated by a linear analysis
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of a constant ambient density gradient in thelirection At highera, ~ 1, on the other hand, the dependence
n = ngy. The resulting drift wave growth rate,(k,)  of I',,(~I,) shown in Fig. 2(a) is reversed, allowing
is shown in Fig. 3 for various values af (we take the possibility thatdl',/d|n’| could change sign. The
agng =1, ky =278, 7 =1, n;, =0, €, = 0). The suppression with increasing in this case must compete
strong suppression with increasing is consistent with  with the n’> dependence of the normalization, as well as a
Fig. 2(a). A similar effect was invoked in Ref. [11]. strong destabilizing trend due to decreasiyg= 2L, /R

To estimate the level ofx at which the suppres- [8]—see Fig. 2(b). To determine the net dependence on
sion occurs, note from Eg. (1) that the magnetic perthe scale length, simulations were carried out in the range
turbations become important in our normalized unitse, ~ 0.01-0.04. These simulations show thal",/d|n’|
when (27)2ad, ~ VA, or With 8, ~ ww ~ agk,, @ ~ indeed changes sign along the boundary separating the
k. /[aq(27)?]. To obtain k,, note that the vortic- L and H mode regimes in Fig. 1. This prediction is
ity equation (2) impliesd, Vi ¢ ~ asks ¢ ~ V;J, or  supported by a study of Alcator C-Mod edge parameters
with J ~ V¢ (from Ohm’s law) andV; ~ 27§ (the attheL-H transition [12].

1/3 Poloidal E X B shear flows, generated locally by the

inverse shear length)y, ~ 278)*3a, '~. As a re- _ .
sult, electromagnetic effects become important dor- turbulence, lead in part to the large transport reduction
’ with increasing @y seen in Fig. 2(a). The ordering

§2/3(2 —4/3 ~ 0.1 (givenay ~ 1, § ~ 1), consistent
\ivith(FTgZ?)Z(a) and 3_(9 @ s ) on which our model is based, however, excludes a

contribution to theE, shear that can arise from profile

in a stable system an increased pressure gradient leatdnations beyond the intrinsic turbulence scale. This
to enhanced flux, which in turn acts to flatten the POssibly understates the importancetpfshear since such

gradient. The gradient therefore evolves to a state iRrofile shear will reinforce the stability of the system
which the energy flux and the sources balance. AJUring the steepening process [6,7]. To address this
transport barrier can form spontaneously if the flux'Ssue, we carried qut simulations of the edge .pedestal in
decreasewvith increasing gradient. In dimensional units the context (_)f a S'“_“p'e mo_del_. '_I'he model_lncludes_, a
the particle flux (comparable td’,) can be writen SOU'Ce and sink (radially periodic) in the_z densny equation
asT = (Dono/L,)T, (g, @, €,,...). p"rhe dependence on (3), intended to represent neutral particle fueling in the
the gradient enters explicitly through the scale lengtfd9€e. The strength of the source is chosen so that for

L,, as well as implicitly through the., dependence of @« ~ 1 and @ <1 the source produces only a slight
Dy, ag, @, etc. Excluding the variation of,, the flux steepening of the profile be_fore the system comes into
12 equilibrium. We then slowly increase with time. With

has a strong positive power dependedcte- ny,". The ° X
dependence df,, on n’ must therefore reverse this for the INcréasing the transport drops and the source causes the

system to be unstable to the formation of a barrier. Thigradient to steepen, enhancing the turbulence until a new
dependence, neglecting the weak variatiomegf~ n''/4, equilibrium is reached. At a critical value ef the region
appears mainly through ~ n’ ande, ~ n'~!. For small of maximum pressure gradient exceeds Ih# threshold
ag, T, is insensitive toe, and increases sharply with condition and the profiles spontaneously begin to steepen.
a [see Fig. 2(a)], which reinforces the stability of the The subsequent evolution depends on the pararagtet

system. No barrier formation is therefore possible foré» = 0-02 it is smooth, while ate, = 0.01 it is bursty.
small a,. Figure 4(a) shows the flukX,, () from a simulation that

includes the source in the latter case with = 1 and
(initially) @ = 0.05. At = 1550 the source is turned on

Returning to the issue of transport barrier formation,

1.4[ T T T . and the value ofy is slowly increased at a ratéx /dt =
i ] 2.5 X 1073, This causes the transport to drop gradually
2r until + = 1630 (@ = 0.25), when a burst of turbulence
10F produces a largE X B poloidal sheared flow. This can
f be seen in Fig. 4(b), which shows the time evolution
0.8 of the root mean square poloid@l X B velocity vg,
i o 63_ (dotted line), ion diamagnetic velocity,;, (dashed line),
I and total ion rotatior;, = vg, + vy, (solid line). This
0.4 E X B flow sharply reduces the flux and induces a
C localized transport barrier (much smaller than the box
021 size), which in turn leads to a steepening of density profile
0.0 that is reflected in a slow rise of the ion diamagnetic flow
0 2 4 6 8 from 1650 to 1750. At tr = 1750 (a = 0.5) the barrier
ki is disrupted by a large scale resistive ballooning mode
FIG. 3. y(k,) for & = 0 (solid line); @ = 0.15 (dotted line); ~Which again produces stron X B sheared flow [see
a = 0.3 (dashed line)pr = 0.6 (dot-dashed line). Fig. 5(a), solid line] and suppression of the transport. A
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FIG. 4. (a)T,, vst; (b) v;, (solid line); o4, (dashed line); FIG.5. (a)E X B flows before (dashed line), during (solid
v, (dotted line). line), after (dotted line) transition; (b) early (dashed line), late

(solid line) p; profiles.

similar event at = 1820 leads finally to the formation of
a global transport barrier at= 1920. Beyond this, the )
diamagnetic velocity in Fig. 4(b) increases monotonicallyli/Ze, noncircular geometry, and, the framework on
as the profiles continue to steepen, while the total iorfVhich they are based should be robust. ,

flow slowly decays due to the effect of magnetic pumping. We acknowledge extensive discussions with T. Carl-
Sincevyy = v, + vay = 0, this forcesiy, to increase strom, M. Greenwald, R. Groebner, A. Hubbard, R.
in proportion t07,;,, as seen in the figure. The growth MOyer, T. Osborne, W. Suttrop, and D. Thomas.

of vg,, the radial profile of which is shown in Fig. 5(a)
(dotted line) at a late time, reinforces the bifurcation
of the system by suppressing turbulence in the pedesta
everywhere except in a small region surrounding the
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