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Abstract

The linea behavior of resistive balloonng modes in the edge and scrape-off -layer
of diverted tokamaks is explored in the cntext of a wllisional fluid model. It is sxown
that the large magnetic shea and small pdoidal field in the X-point region ad to incresse
the wavenumber, and hence the importance of resistivity, nea the X-point. The resulting
“disconredion” of the agenmodes aaossthe X-paoint profoundy influences the unstable
spedrum. A new class of modes cdled resistive X-point (RX) modes exploits this
synergism between resistivity and the X-point geometry, giving rise to robust growth
rates at moderate-to-low mode numbers. Relative to an equivalent limited pasma, the
diverted plasma is $hown to be more unstable in the elge (inside the separatrix), and
more stable in the scrape-off-layer. Implicaions for the role of X-paints onthe noninea
generation d radial eledric fields and the transition from low to high (L-H) confinement

are discussd.

PACS: 52.55Fa, 52.35-9, 5230.Jb, 52.35Ra



I. Introduction

The physics of the alge and scrape-off-layer (SOL) continues to be an adive aea
of reseach becaise this region d the plasma provides an important, and as yet poaly
understood, boundry condtion for the hot core of atokamak plasma. Furthermore, SOL
physics is important in its own right as the SOL width controls the heda flux to the
divertor plates — a aiticd iswue for tokamak fusion reador designs. It is generaly
believed that turbulencein the edge and SOL regions will be an important ingredient of a

complete edge physics model.

In this paper, we will examine the role of X-paints on the instabiliti es that exist in
the boundry (edge aand SOL) plasma. X-poaint effeds influence the d@tainment of high
confinement (H) modes in experiments. While the geometry of the divertor and
separatrix importantly affeds the plasma eguilibrium (e.g. through recgycling and the
penetration d neutrals and impurities), which may well acount for many of the
experimentally observed dff erences between limited and dverted plasma, this paper will

show that the boundry plasmaturbulenceis grongly modified as well.

Our work is related to previous gudiesl.? that have & a goal the understanding of
edge turbulence however, the present study differs in that here we focus on the
fundamental role of the X-point and SOL. X-paint effeds on bdh waves3> and
instabiliti est-12 have been treaed previoudly in the literature. A review of this work, with
a more complete bibliography, is given in Ref. 13, The unique feaure of the present
study, and o companion work using the BOUT code, 1415 is the identification o modes
with a strong localized X-point interadion. Our paper supdements and extends an ealier
paperl6 in which some of the basic ideas underlying the “resistive X-point mode” were

presented.



To address questions abou the role of separatrix geometry on boundry plasma
turbulence, several tools have recently been developed. The BOUT codel415 s athree
dimensional turbulence ®de which models bath the edge plasma and SOL regions. The
BAL code, an extension d the wde described in Ref. 11, is a wmpanion linea
eigenvalue mde that is used to further elucidate the physics of the modes. Both codes

employ redi stic magnetic separatrix geometry and dasma parameters.

The present paper will describe the linea BAL code results and their physicd
interpretation. The work is motivated, in part, by recent nonlinea BOUT simulations
which have been able to make mntad with experimental observations in severa
important ways. In ore type of simulation, a fixed profile analysis using experimental
datain low (L) and hgh (H) confinement modes from the DIII -D tokamak, it was $rown
that fluctuations and transport are suppressed in the H-mode.15 These redistic parameter
simulations also led to first-principles cdculations of the aossfield thermal diffusivity in

L and H phases which were in reasonable asolute agreamnent with experimenta analysis.

In more recant work, source and sinks have been added to BOUT enabling the
simulation d a dynamicd L-H transitionl4 It was found that heaing triggered the
transition to a better confinement state in which the hed flux dropped dramaticdly. The
reduction d transport was attributed to turbulent suppresson by the self-generated flow
shea. These successes in modeling experiments give some anfidence in the basic

physicd models being employed and motivate further study of their properties.

There ae severa fedures of the BOUT simulations which linea theory must
explain. First is the basic nature of the instabilities — their fundamental drives and
dependence on parameters and geometry. Another is the similarity of the fluctuationsin
the edge and SOL in the L-phase. For example, the L-phase aurve showing fluctuation
amplitudes in Fig. 4a of Ref. 15 has nealy even parity abou a point close to the
separatrix. (The symmetry is smewhat broken in the H-phase by the development of



strong flow shea inside the separatrix.) This ymmetry is initialy surprising, since
naively one would exped the different boundary condtions on the edge and SOL field
lines to dramaticdly affed the mode behavior. Finaly, the BOUT simulations typicdly
show that fluctuations, such as the dedrostatic potential or density perturbation, are
strongly locdized between upper and lower X-paoints on the bad curvature side of the
torus. While the usua balloonng effed could be expeded to concentrate modes to the
bad curvature region, the dfed seen is much stronger, and accurs for L-mode parameters

for which the balloonng effed shoud be we&.

The goal of the present paper is to addressthese questions abou the basic nature
of the fluctuations, the relationship of the eldge to the SOL, and the role of X-paintsin
mode locdization. We will seethat resistivity and X-point geometry are synergistic, that
X-point geometry strongly affeds modes for redistic cases, and that the stability
properties of the SOL have an interesting role in ou overall understanding of boundry

plasmaphysics.

The plan of our paper is as follows. In Sec Il we review the most important
feaures of wave physics in X-point geometry. Starting from a reduced Braginskii set of
equations, Sec Il contains an analyticd derivation d the baloonng equation and
asociated boundry condtions for drift-resistive modes. In Sec IV, we present
numericd results from the BAL code ill ustrating the basic physics of resistive modes in
X-point geometry, and a comparison d edge and SOL instabiliti esin dvertor and limiter
configurations. Conclusions are given in Sec V. In Appendix A the limiting cases of
large and small parale thermal condictivity are wmnsidered in the lineaized eledron
resporse. Finaly, in Appendix B, the ion gyrokinetic model is derived for use in the

gyrokinetic-fluid comparisons presented in Sec. IV A.



[l. Wave physics in X-point geometry

Before procealing with a detailed examination d spedfic unstable modes in the
edge and SOL plasmain dvertor geometry, we will consider some general consequences

of an X-point on wave propagation. The dominant effeds are;13
(i) kgincreaseslocdly inthe X-point regionas aresult of the null in Bg.
(i)  Strong magnetic shea nea the X-point leals to an integrated increase of
Ky
(i)  Fied lines linger nea the X-point affeding the arvature weighting of
modes.

(iv)  The X-point increases conredion lengths, which reduces k and line
bending energy, and, in the SOL, increases the conredion length to the

plates (making the plate boundiry condtions of lessimportance).

Here, our orthogonal coordinate system is (), 6, ¢) = (“radia”, pdoidal, toroidal). The
first two pants are the most important ones for this paper. Point (iii) has been treaed in
Refs. 6 and 7, and leads to the result that the X-point shoud be placel in a region o
neutral or good curvature for optimum stability of the nfiguration. Point (iv) is

discussed in Ref. 8. Here we mnsider paints (i) and (ii) in more detail .

Since k)| tends to be much smaller than ky for the modes of interest, the

perpendicular elkonal approximation yields the lowest order relationship

kEB:O:keBe+szz, (1)
or
Ko = nBZ @
®” RBy’

where nis the toroidal mode number. Thuskg is sngular where Bg vanishes.



The dfed of magnetic shea can be seen by noting that in the akona
approximation k = 0S for some akona function S. Consequently, [Ix k = 0 pertains,
andin perticular the e, comporent yields arelationship between k, and kg,

0 Hky 0
ﬁgﬁ%ao%ke)' 3

which may be integrated to oltain an expresson for kw. Here Jis the Jacobian with |9
= (JBg)~1 and the mnstant of integration may be expressed in terms of the conventional
ballooning parameter 8y The fad that ky, is induced by magnetic shea is well known,
and acaurs in any tokamak geometry (even for circular flux surfaces). The point hereis
that the locd magnetic shea nea an X-point can be very large. The locd shea parameter
s(s=dlInv/dIny wherev isthelocd rotational transform) can typicdly be alarge &
40 at one gyroradius from the X-point. The physics here is the same & in the standard
elkonal balloonng formalism, bu the ansequences of large locdized changes in ko will

be very significant for the modes.

The variation d kg and k;, along a field line for a single null X-point geometry
(seeRef. 11 for detail s of the X-point model) is sxown in Fig. 1 for asample flux surface
inthe SOL (Y = 103%). Thefigureisnot substantialy different in the edge plasmasince
the magnetic geometry in the vicinity of the X-poaint is the same just inside and just
outside the separatrix. The kg comporent exhibits a locd singularity at the X-point
because of the null in Bg, while ky, experiences integrated increases near and beyond the
X-point as aresult of the magnetic shea. The wnstant arising from integration d Eq. (3)
may be dosen to spedfy the point 8 = 8 at which ky = 0. In this and subsequent
figures, the outside of the torusis at 6 = 172 and the lower X-pointisat 8 =0, 2rt

The geometry-induced variation d k can have aprofoundeffed onthe eagenmode

structure. As noted by Farina & al.,3 the gopeaance of large k (shorter space scaes)

implies an increased role for resistive and finite Larmor radius (FLR) effeds, and



ultimately a disconredion d modes aaoss the X-point region. A rigorous balloonng
mode ejuation describing the wave physics along a field line will be developed in
Sec lll.

An example, anticipating the kinds of effeds that can occur, is sown in Fig. 2 for
the same single-null divertor geometry asin Fig. 1. The figure ill ustrates the variation d
k% along a field line (top) and correspondng eigenfunctions (bottom) for three caes,
showing progressve disconredion because of resistive X-point effeds. The first case
(solid) isided MHD (resistivity is suppressed by taking Zg = 0) on afield line 2.8 cm
from the separatrix in the SOL. It shows that the egenfunction penetrates the X-point
region and continues on to the plates. In the second case (dashed) resistivity is restored
(Zegs = 2). Still at 2.8cm from the separatrix, the mode bends only slightly in the X-point
region. The third case (dotted) has the same resistivity but is on afield line doser (1.0
cm) to the separatrix. In this case, the synergism between X-point geometry and
resistivity is grong enough to cause large line bending and complete disconredion d the
mode acossthe X-point region. Thiseigenfunction daes nat “see” the plate, and henceis

insensitive to the boundary condtions applied at the plate.

Although this ill ustration is for the SOL, similar disconredion aso occurs in the
edge region. This physics and its consequences for the stability of resistive L-mode
tokamak boundry plasmas, and utimately for the L-H transition, is the main subed of

the present paper.

[ll. Analytical derivation

A. Basic equations

The basic equations employed here ae a simplified Braginskii fluid model
appropriate for the typicdly collisonal boundry plasma. The reduced Braginskii



eguations for the potential ®, paralle current I density ne, €ledron temperature T, and
parall el vedor potential Ajare given by the vorticity equation, Ohm'’s law, the continuity

eguation, the dedron temperature (energy) equation and Ampere's law:

B_+v M +v DDH] ® = B[ +§bxxuﬂp 4
E di I'g
4TlVA B
EE 1 Al 171 Te
r]||J||+_ H-I- —_ —D”T +—D||ne (%)
e e s
B_"'VE DDH‘I —ED” ”"'e—be[(Dpe equ)) (6)
3 0
Ene@ﬁ;*_vE [ﬂ]@e = D”nex”D”Te (7)
4mn
DBAI==d) ®

wherevg =(c/B)bx0®, vy =(c/negeB)b x0pj, Va2 = B24Tmm;, p = pe + Pj, Mg and
m; are the dedron and ion masses, K = b[b, b = B/B, Oy = b I, N is the Spitzer
parallel condctivity and X|| is the dasdcd eledron paralel therma diffusivity. The
dynamics of the ion temperature and the parallel velocity are negleded. A proper
treament of the ion temperature modifies the norlinea form of the left-hand-side of Eq.
(4),17 but the lineaized equation considered here is unaffeded. Negled of the parallel
velocity can be justified a posteriori by the large growth rates y > k” Cs, Where g is the
soundspeal. Equation (7) is a smplified eledron temperature equation which negleds
curvature terms arising from T M and perpendicular heéd fluxes, and energy exchange
terms arising from parallel currents and flows. It will be seen that the linea physics of
the modes under consideration here ae not very sensitive to the dedron temperature

model.



Although a more cmplete set of Braginskii equations is used in the BOUT code
modeling,1> the present set captures the essential linea physics of ided and resistive

magnetohydrodynamics (MHD), and dift waves.

The lineaized equations for vorticity, Ohm'’s law (combined with Ampere’s law),
continuity, and eledron temperature give the following solutions for the perturbed
quantities Ny = dng/Ne, @y = BP/Te, Ty = 8TJ/Te and J; = dJfneevp in the high mode

number limit (kL5 >> 1 where L is aperpendicular equili brium scae length)

(@~ 0 )KAPEPL — Weng —WyeTy +iVATJdy =0 ©)

(@ Wre +i0y, +@H)J = —ivakBp3T (@ —ny —1.71T] (10)

((T)_(*)Ki)nl"'(a)_(*)*i)k%pg(pl_((*)*en"'(*)Ke)(Pl =0 (11
~ . 2 i(JL)keT E

Iy ~ Wt :'D||§X|| M- z% 12
vak®p3 F

where the following symbadls have been defined:

W= W-Wg (13
WEg = k D/E (14)
WRe = Wg + Wren +1.710x T (15
cTe
Wrken = — k b x[n 16
en neeB e ( )
c
o)keT:—e—Bk b xOTe a7
wy =nykAc?/4m (18)
H =kAc? / whe (19)
W =k g (20)



_2cT,

Wi B k bxk (21
2cTg

Wye = k [ xx 22

=g (22)

Wy = Wy +We (23

B. Ballooning equation and boundary conditions

The precaling lineaized equations can be cmbined to oltain a balloonng
equation for the modes. A second ader differential equationin L) can be obtained in the
limits X =0 and X = We first consider X = 0 the other case is treaed in
Appendix A whereit is shown that the x;;= 0 limit applies when k2p2, H, w/w << 1as
well aswhen k“2x|/w << 1. Theresulting balloonng equationis

2 2

Y, k& /B
B((L)_ (L)dkp) —2 D” O
kG

i e oY
0= R +ity +GH (24)

+ [Vand + @+ wee)(@- )]y =0
where

Wakp = WRe + Wyj — (= wx )kBpS (25

Wy (W oy T Wk — Wk
yrznhd - _ k ( 2 e; eT i) (26)
kops @+ T /Te)

andthe egenfunction ) is

lIJ =M —171T1 (27)

In Eq. (24) we have made the noresential but simplifying assumption o
negledaing paralel variations in the euilibrium ng, T profiles, and some perpendicular

compresshbility terms associated with wye in Eq. (11).
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Equation (24) cortains line bending (O 0, curvature drive (O Ymng?) and
inertial terms and includes three basic types of waves. the two Alfvén waves (bath
propagation dredions) and the dedron dift wave (contained in the g and wge terms).
For MHD type modes, resistivity and eledron inertia, described by the w, and H terms,
reduce the line bending term as usual, bu in X-point geometry this reduction is highly

locdlized because of the dependenceon k2.

Equation (24) is to be supdemented by periodic boundxry condtionsin the elge
plasma gplying the usual ball ooring formalism, and by sheah boundry condtions!819

a the divertor plates in the SOL which match the aurrent of the wave to the sheah

current.
OJjjsheath = OJjp (28
Explicitly, thisyields
CSEDI —%Tl Ez -ovpdy (29

where o=bn/|b[h|=+1 a ead pate, with n the unit normal vedor of the plate
pointing in the diredion d the plasma. On expressng the boundxry condtionin terms of
) one obtains

W= Wgkp

w2 1202
weg =iovak
> Ps W~ WRe * iy + H

O (30

where use has been make of the relationship between the sheah pdential and temperature
at the sheah entrance, viz. wg + (eP/Tuwxer = 0. Important limiting cases of Eq. (30)
are the insulating and line-tying (perfedly condwcting) limits, respedively Ow=0 and

= 0, the latter pertaining at sufficiently low mode numbers sich that k; vAkZp3 << cs.

11



When the field lines do nd intersed the divertor plates at normal incidence, there
can be aditional terms present in the boundry condtion. In particular, in the cae of
glancing incidence, which is typicd for diverted tokamaks, there ae alditional terms
arising from crossfield flows and from the change in flux tube length duing interchange-

type perturbations.2021 Treament of these dfedswill be deferred to alater study.

Equations (24) and (30) are the key results of this dion. The egenvalue
problem they spedfy describes deah (i.e. condwcting wall), drift, resistive, and ided
magnetohydrodynamic (MHD) ballooning modes in the high-n limit. The aumption o
negleding parall el variationsin the equilibrium ng and T profil es excludes the aia shea

mode from this gudy.

IV. Numerical results

Resistive X-point modes

The solution d the balloonng equation, Eq. (24), in X-point geometry gives rise
to modes that capitalize on the synergism between resistivity and X-point geometry. We
cdl these modes resistive X-point (RX) modes. In this dion, solutions for these modes
will be presented for a redistic magnetic geometry taken from EFIT22 code runs for a
particular discharge on the DIII-D23 tokamak. Parameters, unless otherwise noted,
correspondto those of the L-phase of the discharge, where the dfeds of ExXB shea onthe
modes are negligible and the plasma is well into the MHD stability regime. At the
separatrix, the parameters are: n, = 1.86 x 1013 cm=3, T, = 67 eV, T; = 53 €V, and the

gradient scdelengthsareL,, = 2.3cm, L1 =1.0cm, L1; =2.6cm.

An example is give in Fig. 3 which shows the normalized resistive frequency
| /w] along afield line (note the logarithmic scale) and the @rrespondng eigenfunction
(solid) and Poynting flux (dotted) for an RX mode in the alge plasma.

12



The dominant X-paint is the lower one & 6 = 0 bu the dfeds of the upper X-
point at 6 = 1T (adually in the vaauum region) are dso evident. Nea the outboard
midplane, [0y < o] pertains: the mode has the dharadteristics of anided MHD mode and
aaquires bad curvature drive. Nea and beyond the X-paints, we have || > || and the
mode transitions to an eledrostatic resistive mode. In this case, strong line bending
beames energeticdly feasible, and the mode decays rapidly, avoiding the good curvature
region onthe inbcard side of the torus. The Poynting flux shows propagation d wave
energy away from the outboard midplane (where the free aergy is supgied) towards the

X-points where the energy is absorbed.

The behavior illustrated in Fig. 3 for the elge plasma inside the separatrix is
esentialy similar to that seen in the SOL, and dscussed with Fig. 2. Disconredion
aaossthe X-paint occurs in bah the edge and SOL. Consequently, in the presence of
strong X-point effects, the edge and SOL become similar: the different boundary
condtions that would atherwise gply to the field lines in the edge and SOL bemme

irrelevant in the neighbarhood d the separatrix.

Having looked at sample egenfunctionsin detall, we aein a pasitionto step badk
and examine the full spedrum. Figure 4 shows atypicd unstable spedrum (growth rate
vs. toroidal mode number) again for L-mode parameters. For n ~ 50 there ae two
spedral pedks which correspondto RX modes. The dominant RX mode (largest growth
rate for n < 100) has an eigenfunction that pe&ks nea the lower (B = 0) X-point, whil e the
subdaminant low-n branch that maximizes at nealy the same n has an eigenfunction that

pedks nea the upper (6 = 1) X-paint.

The high-n spedral pe&k nea n ~ 250 with y ~ 200 x 103 s71, is the dasscd
resistive ballooning mode.24 The mrrespondng eigenfunction is much more locdized

nea the outboard midplane and relatively insensiti ve to the presence of the X-paints.

13



Finally, the complicated spedral signatures that appea for y < 50 x 103 s1 are
asciated with the drift-Alfvén modes. When curvature terms are atificially suppressd,
the spedra pe&ks associated with the RX and classcd modes disappea, bu the drift-
Alfveén urstable spedrum remains. Drift-Alfvén couging beames important when wg >

wp Which ocaursfor n> 100 fere.

In general, as n increases, the dfeds of resistivity change. At low n, for the RX
mode, resistivity is only significant at the X-points. As n increases, resistivity beames
important along more of the field line, and consequently the modes are increasingly more

locdi zed to the outboard midplane.

X-point eff eds together with resistivity permit arobust instability at relatively low
mode numbers. The mixing length argument is uggestive that this RX mode is
important for transport because it is a low-n mode and D ~ y/k2. Thus, linea theory
suggests that the RX mode is fundamental to the boundry plasma of a diverted tokamak

in the resistive L-phase, and thisis confirmed by the norlinea simulations.14.15

Finally, from the spedrum for a particular parameter set, we can step bad further
and examine the genera behavior of modes in the parameter spaceof edge density and
temperature. The crrespondng gowth rate scding is illustrated in Fig. 5 on a flux
surface 0.9 cm inside the separatrix (at the midplane). These computations were
performed in the X|| = model (see Appendix A); however, the paints we wish to
emphasize ae generic to the role of resistivity in dvertor geometry. Base ca&e
parameters for the DIIl -D L-phase were used, except for ngand T = T = 2T;. First note
that growth rates increase dramaticdly in the upper right corner of the plot. Thisis the

regime of ided MHD ballooning instability.

Consider the inset eigenfunctions beginning with the upper left corner. Athigh T
and low ng the resistivity is weeest. In this regime, the X-paint effeds are the most

dramatic. The agenfunction ill ustrates that the resistivity is dominant nea the X-points

14



allowing the mode to pummet rapidly. In this extreme cae, the mode survives past the
upper and lower X-paints and daes wedkly sample the inside of the torus. At lower T,
where resistivity is gronger, the mode is entirely confined by the X-paints, bu the growth
rate is reduced because of the reduced presaure drive. At low T and high n, one eters
the resistive strong ball oonng regime. In this case, balloonng of the agenfunction at the
outboard midplane reduces the importance of X-point effeds. Finally, at high noand T,
the plasma bemmes unstable to ided modes, and again is insensitive to the X-paint
effeds. In general, moving along the low-n.T to high-n.T diagonal, the growth rates

increase and the mode numbers of the most unstable modes deaesse.

Thus, the parameter spaceof Fig. 5 is broadly divided into threeregimes. ided
strong ballooning, resistive strong ballooning and resistive X-paint. X-point effeds are

important over a substantial range of parameters.

It is clea that the large enhancements of k that occur nea the X-point will | ead
to the bre&kdown of fluid theory when kp; ~ 1. Next, we investigate how such
considerations affed the existence of the RX mode and its properties. To this end, a

gyrokinetic ion model isderived in Appendix B. It effedively makes the replacament
(@-w)kEPS — kEPE[(@ 0xin )AL~ Ag) /b=t (Ng —Ap)] (3Y)

in Egs. (9) and (11), where b = k%pizandthe A\, (Bessl type) functions are defined in the
appendix.

A comparison d the unstable spedra for the fluid limit (b << 1) and full ion
gyrokinetic model is sxown in Fig. 6. In this figure we have cmnsidered afield line just
inside the separatrix where the enhancement of k; is the strongest, and taken the smplest
eledron thermal model, T; = 0. From Fig. 6 it is sen that there ae quantitative danges
to the growth rates. The high-n modes are suppressed relative to low-n in the full

gyrokinetic cese. Thelow-n (n < 50) spedrum is relatively unaffeaed.

15



The agenfunctions (nat shown) of the fastest branch for n < 50 are esentialy the
same in the fluid and gyrokinetic model. For larger n, some differences occur, bu the
qualitative and dstinctive fegures of the RX mode remain; namely, the modes exist, the
X-paints tend to locdize the modes to the bad curvature region, and the dedrostatic
potential peks just before the mode encounters the X-point. The ion Larmor radius
effeds on all modes are mitigated by the fad that the egenfunctions tend to avoid the X-

point region.

Finally, to complete the general discusson d RX mode properties, we consider
the scaling of the growth rate with curvature K, collisiondity v, (or equivaently
resistivity r]”), and eledron leta 3¢ (or inverse skin depth squared, where B¢ = pg /6(29).
Results are ill ustrated in Fig. 7. The aurvature scding plot @) shows that the RX mode
(lower solid curve) is curvature driven and is gabili zed when curvature is suppres=d. In
the cae of the dasscd mode, the growth rate deaeases until the mode becomes mixed
with the drift-Alfvén spedrum, which persists when curvature is turned off. The scding
with colli sionality shows that the modes are insensitive to resistivity when it is not too
large. At zero resistivity, eledron inertia (the allisionless «in effe) effedively takes
over therole of resistivity. The dedron keta scding plot shows that when bah resistivity
and eledron inertia ae suppressed (the high B or ided MHD case) the modes are
stabilized because of the increased weighting of the line bending term. These same

qualitative trends in scding have been observed with the BOUT code.15
B. Comparison of divertor and limiter geometries

The importance of the resistive X-paint effeds is perhaps best illustrated by
contrasting the behavior of a diverted pasma with a limited ore. We have modeled a
limited plasma using the “shifted circle” flux geometry model, taking equal plasma

parameters for the two models at the outboard midplane. Figure 8 shows that the two

16



unstable spedra have important differences. From Fig. 8 a), the X-paint is e to be
destabilizing in the alge. This is becaise the X-point geometry alows RX modes,
whereas withou an X-point (limited or circle cae) the mode is forced to average over
both good and bed curvature regions. The X-point has the oppasite dfed in the SOL,
Fig. 8 b), where it is dabili zing. The disconrection effed, which isolates the modes from
the plates, prevents dieah driven modes in X-point geometry whil e they are dlowed and

can be strong in alimited plasma. These points will be expanded uponsubsequently.

Comparing the growth rates of the low-n instabiliti es in the four combination d
edge, SOL, limited (0) and dverted (X), the edge plasmain the drcular limited plasmais
the most stable, the elge and SOL are similar in a diverted pasma, and the SOL in a

limited plasmais the most unstable, viz.

O X X O
Yedge < Yedge ™ YSoL < YsoL- (32

The reason for this ordering of the growth rates in the edge is more dealy evident
from an examination d the crrespondng eigenfunctionsin Fig. 9. It is evident that the
X-points confine the @genfunctions to the bad curvature region, and this generall y results

in the larger edge growth rate for the diverted plasma cae.

The same X-point physics is operative in the SOL, bu the mnsequences of the
disconredion are quite different. The edge and SOL are similar in the divertor case.
However, the edge and SOL are very different in the limiter case. Withou an X-paint,
the SOL modes conred to the limiter, alowing the sheah boundry condtion to come
into play. This often allows robust instabilities. For the airvature driven modes, the
sheah boundry condtion is very destabili zing when it is in the insulating limit.25 The
insulating limit allows an interchange mode that “sees” only bad curvature. In general,
the sheah boundry condtion, Eq. (30), is in a partialy condwcting limit which permits
shedah instabilities such as the “condwting wal mode” (or shegh grad-Tg
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instabilit y)11.1819 which grow as a results of the finite sheath impedance. In addition, the

SOL, like the elge, is subjed to instabiliti es of the drift-Alfvén type.

We digressbriefly to explore the nature of the modes that gives rise to the large
growth rates y(SDOL. The relative contributions of ead instability drive in the SOL have
beean explored by artificially suppressng curvature and/or diamagnetic dedron difts
(which control the drift-Alfvén modes) and changing the boundry condtions from the
base cae (nominal DIII-D like L-mode parameters, bu for the limited pasma cae).
Note that in the form in which the boundry condtion is gedfied by Eq. (30),
suppressng diamagnetic dedron difts does not suppressthe sheah driven “conducting
wall” instability. The base cae growth rate in unts of Yyndo (Ymhg €valuated at the
outboard midplane) was 0.42. When curvature terms were suppressed, the growth rate
dropped to 0.33. With curvature still off, bu further artificialy repladng the full
boundry condtion by an insulating one, the growth rate dropped to 0.28,while with a
fully conduwcting (line tied) boundary condtion, the growth rate was 0.25. These runs
ill ustrate the sensitivity of the mode to the boundry condtion, and the fad that curvature
is one, bu not the only, instability drive in the SOL. With the full sheah boundry
condtion, bu both curvature and eledron dift terms suppressed the growth rate was dill
finite & 0.07, aving to the sheah-driven instability. Finally, when the sheah boundry

condtionin thislast case was replacal by an insulating one dl modes were stable.

We onclude that athough the “conducting wall” sheah drive term is not very
strong for these parameters, sheah boundry condtions play a aucia role: they enable
the drift-Alfvén and curvature driven modes in limiter geometry to be much stronger in
the SOL than in the edge. For example, in the insulating limit, which is typicdly a
quaitatively reassonable goproximation in these caes, sheah boundry condtions permit

a SOL interchange mode with no line bending penalty that only sees bad curvature
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(doude null case), while the boundary condtion that pertains in the edge requires ether

averaging over bath goodand bked curvature or line bending to avoid the good curvature.

These results show that the SOL of a limited pasma is saubjed to a number of
instabiliti es which are ather not present or are weger in an equivaent diverted pasma.
In the latter case, the X-point effedively isolates the modes from the (typicdly
destabili zing) sheah boundry condtion at the plates.

V. Conclusions

The main result of this paper is that there is a synergism between resistivity and
X-paint geometry. The dramatic enhancement of k; nea the X-paints in the presence of
resistivity (or eledron inertia) leals to a disconredion d eigenmodes aaossthe X-point
region, and thisin turn allow a fast growing, moderate-n instability, the resistive X-point
mode. The RX mode isthe basic unstable mode in the resistive L-phase boundiry plasma
of a diverted tokamak. It is naturally locdized to the bad curvature region by upper and
lower X-points in a doulde null configuration (even when ore of the nullsin deg in the
SOL). The present work together with that of recent BOUT code analyses suggests that it

isimportant for turbulent transport.

Resistive X-paint effeds exist over a wide range of plasma parameters and mode
numbers. As parameters approach the ided balloonng instability limit, the RX mode
transforms into the ided mode, while for very resistive parameters, the RX mode

transforms into the resistive strong ball oonng mode.

Limited and dverted plasmas are foundto have different edge stability properties.
In particular, robust sheah related instabiliti es in the limiter plasma cae ae mitigated in
divertor plasmas by the X-paint disconredion effed. For divertor plasmas, the edge and

SOL are similar, because of the same disconredion effed.
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The present linea cdculations for L-mode plasmas in dvertor geometry and the
correspondng BOUT simulations4.15 share the foll owing feaures: i) robustly unstable
moderate-to-low-n curvature driven modes locdized by the X-paints, ii) similar edge and
SOL stahility properties, iii) qualitatively similar scdings in growth rate with curvature,
eledron colli sionality and eledron skin depth, and iv) comparing a limited configuration
with the diverted ore, increased instability in the SOL.

The synergism between X-point geometry and resistivity is the aucia paint in
understanding all of these important fedures. The successof the BOUT code in redistic
simulation d experiments with resped to the adossfield transport in L and H phases, the
sportaneous generation d radial eledric fields, sheaed flow and an L-H like transitionis
a hopeful sign that the physics models employed in these cdculations contain the key
ingredients for understanding edge turbulence in tokamaks. The present work suggests
that the magnetic geometry of the boundary plasmais an important experimental knobfor

controlli ng edge turbulence and influencing gobal confinement.
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Appendix A: Limiting Cases of x|

In thex” =0 orided, convedive limit of Eq. (12) wastreaed in the main text and

gives

20



T =— . Al
15— =@ (A1)
Here we mnsider the oppasite case of X;; = e, which corresponds to setting

where it is important that the unit vedor b be perturbed. Substituting for Ajjand Jin

terms of ¢, ore obtains the result

_ Wret E!t)_w*en + k%pg(a)_w*i)m

T ~ . P .

(A3)

The term in square bradkets is esentially dJ), and corresponds to the ided
expresgon except that al the wx gt terms are missng. The dedrostatic limit (wy/w or H
large) gives T, = 0 as can be deducted dredly from Eq. (A2). When employed in the
ball oonng equation, this limit effedively turns the dedron temperature gradient off, and
typicdly results in a somewhat reduced balloonng drive, which depends on the total
presaure gradient. The fundamental charader of the RX modesisnat affeded. Finaly for
sufficiently small k (low-n), the term in square bradets beames unity, and remarkably

the result is the same & Eq. (A1) obtained when X = 0.

Appendix B: Gyrokinetic ion model

In this Appendix, we present a brief derivation d the gyrokinetic ion model
employedin Sec IV A.

Of the fundamental linea set given by Egs. (9) — (12), only Egs. (9) and (11)
invalve ion ptysics. As written, the continuity equation, Eq. (11) is for ions. It is also
possble to write down the dedron continuity equation. Then, the vorticity equation, Eq.

(9), is obtained from quasineutrality, n; = n.. Thus, to generalize the ion model from a
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fluid model to a gyrokinetic one, it is only required to derive agyrokinetic version d the

ion continuity equation.

Following Lee ad Catto,26 we first extrad the adiabatic pieceof the perturbed

ion dstribution function f by setting

f= _ZT;qufo expfasin®) +g (B1)
i
where fg is the Maxwelli an equili brium distribution function, @ is the perturbed pdential,

a =kpv/Q and Q = eB/m;c. The gyrokinetic equation for g then becomes

(@-w)g= CUEZ_%D“OJO - 3ot DﬂfoE (82)

where 0y = kxb(v/2Q)0INB + (viA/Q)K], Jp = Jp (a) isaBess function, & = (c®/wB)
kxb, and we have essumed v << wy. Also, inthis Appendix we work in the ExB drift

frame. The perturbed ion censity takes the form

v, —(y2 2 _ _
n= wﬁ’l‘*deVJéfo W~ Wxijp (V /2V| 3/ 2)(,0le E (Bg)

T 0= g E

The aowe result is aso consistent with the low frequency limit of the general
frequency gyrokinetic result.2? Approximating wy by its thermal valuein the integral, wy
= yields the ion continuity equation

(@0 = Boge +0en = 2@ )1 M)~ 7Bl - Al (B)
where b = k%piz, Np = Ny(b) = 1(b)ed, 1, is aBess function, we have reverted to the
notation o the main text [viz., ny =n/ng,@ = (T; / Tg)(Zed/T;)], transformed bad to
the lab frame (w — ®), and nded that w«jy/Tj = = W/ Te aNd Wi/ Ti = W JTe IN
obtaining Eq. (B4) the foll owing identiti es have dso been used
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[axe™" 12 32 (64 2x) = A (b), (B5)
0

% [dxx3 e 12 251 2¢) = bA 11 (b) ~ (b= =DA, (b). (B6)
0

Equation (B4) is the desired gyrokinetic generalization d Eqg. (11). It may be
verified that the b << 1 expansion d Eq. (B4) reduces to Eq. (11), where wxj = wxj, +

w«jT. The straight-field-line limit of Eq. (B4) is aso consistent with Pegoraro and
Schep.28
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Figure captions

1. Variation d kg and k;, along afield line for asingle null X-point geometry with X-
pointat 6 =0, 2t The cae shownisfor 8y =Tt viz. k(1) = 0.

2. Vaiation o k% along afield line (top) and correspondng eigenfunctions (bottom)
for three caes, showing progressve disconnedion kecaise of resistive X-point
effeds. Thefirst case (solid) has Zg = 0 and d= 2.8 cm where d is midplane
distancefrom the separatrix in the SOL. The second case (dashed) hasZ4 =2 and d
= 2.8cm, while the third case (dotted) has Z = 2 and d=1.0cm. Inall three caes
the a@genfunctions are larger in the bad curvature region (0 < 8 < 1) than in the good
curvature region (Tt< 6 < 2m).

3. a) Normalized resistive frequency aong afield line (note the logarithmic scde) and b
correspondng eigenfunction (solid) and Poynting flux (dotted) for an RX modein the
edge plasma (reprinted from Ref. 16).

4. Typicd unstable spedrum for L-mode parameters showing growth rate vs. toroidal
mode number. The RX, classcd and dift-Alfvén contributions to the spedra ae
shown. For the parameters of thisfigure, y = 200x 103 s~1 corresponds to Y/ Viyndo =
0.26and n=300to kggps = 0.75.

5. Contours of growth rate y vs. edge density and temperature with inset eigenfunctions
Y(0) (in the extended ball ooning coordinate range —4 < 6 < 7) for the four extreme
corners of the parameter space The upper right corner isthe regime of ided strong
(1S) ball oonng instability; the lower right corner is resistive strong (RS) balloonng;
and the remainder of the diagram is the regime of resistive X-paint (RX) effeds.

6. Comparison d unstable spedrafor the fluid and gyrokinetic ion models onafield
line just inside the separatrix where the enhancement of K is the strongest.

7. Growth rate scding with &) curvature K, b) colli siondlity v, and c) eledron keta 3¢ or

inverse skin depth squared (3¢ = pg /6%). The two curves sow the scding of the
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high-n (classcd, upper dashed curve) and low-n (RX, lower solid curve) branches. In
eat case, K, Ve and B are varied abou their base cae L-mode values, indicaed by
arrows.

. Comparison d unstable spedral for limited and dverted pasmasin @) the edge and b
the SOL . The X-point or diverted plasma spedrum is shown with the symbad “x”; the
limited or shifted circle model plasma spedrum is hown with the drcle symbad “0”
(reprinted from Ref. 16).

. Comparison d eigenfunctionsin the elge for the limited (circle) and dverted (X-
point) cases. In @) the agenfunctions are shown in the extended ball ooning
coordinate (— o < B < o); in b) they have been mapped badk onto the periodic

variable 0< 6 < 211
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