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Abstract

Edge turbulence experiments indicate that radial particle flux increases as a function of
radius up to the scrape-off layer (SOL), and that the Boltzman relation is violated. Re-
sistivity gradient driven turbulence (RGDT) theory has been shown to track the radial

"dependence of the particle flux in the plasma edge closer than dissipative density gradient

driven turbulence (DDGDT) theory. Also, the»Bdl’czma,n relation is not invoked for RGDT
while it is usually assumed for DDGDT. Consequently, RGDT is a more likely candidate

for an edge turbulence model. However, Langmuir probe experiments indicate that the -

particle ﬂﬁx is reduced by as much as 50% in the SOL. Thus, since basic turbulence the-
ories do not account for limiter effects, the primary focus of this study is to include such
effects in a RGDT theory of the SOL. |
We present an analysis of SOL ﬂﬁctuations using a rippling mode or RGDT calcﬁ-
lation which incorporates the essential limiter boundary condition. The line-tsring effects
caused by a simple conducting poloidal limiter can lead to an order of magnitudé i‘edtnlct'ion.
of the growth rate in the SOL region when parallel thermal conductivity is neglecféd. The
basic effect of the limiter boundary condition can be understood by exploiting 'fhe con-
jugate relation between the parallel and radiél mode widths, a consequence of magnetic
shear. A reduction of the connection length, due to the limiter, implies an increase in the
radial mode Widt‘h‘. Assuming a conducting poloidal limiter with a large radial extent, the

increased radial mode width causes an increase in thermal conduction damping which is
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sufficiently large enough so that the rippling mode is rendered stable for typical parallel
thermal conductivities. We have also included the destabilizing effect of impurity radiative
cooling in the RGDT analysis which leads to an increase of the growth rate, the saturation
potential, and the diffusion coefficient by approximately 30% for typical parameters. Ad-
ditionally, DDGDT is reconsidered as a viable model of SOL turbulence since it exhibits

shorter toroidal mode widths than RGDT; thus, it is less sensitive to the limiter line-tying

effect. Saturation level estimates for DDGDT with limiter effects are presented.




1. Introduction

There are several pertinent reasons for the study of scrape-off layer (SOL) turbulence.
First, a theoretical understanding of SOL turbulence is important since it can aid in an
optimized design of limiters. Second, the SOL plasma is a boundary of the central plasma,
so that its analysis is necessary for a global confinement study. Third, a challenging feature
o -—of the SOL fluctuations is -that-they-are directly measured usirllngangmuir—rpro.bes; hencey—————
the good diagnostics in the plasma edge yield comparisons between theory and experiment.

The SOL turbulence is characterized by large density (72) and electrostatic potential
(¢) fluctuations (10-50%) [1-5] in a highly collisional regime exhibiting a large resistivit_y
coefficient (7o / po = 10%cm? / sec). One good theoretical candidate for the analysis of edge
turbulence employs the resistive magnetohydrodynamic (MHD) equations for the study
- --—of-resistivity -gradient -driven turbulence (RGDT).-The-linear- part-of this -analysis; the - ==
rippling mode [6], results in fluctuations driven by the resistivity or temperature gradient. |
A nonlinear analysis [7], which produces a saturated po‘tentiiél amplitlide on the order of
experimental measurements, is used to balance the resistivity gradient drive with parallel’
thermal co'nduct‘ion damping. This nonlinea.f séturation calculation i‘gnores the effect of
the limiter; consequently, it is not Va,lid in the SOL. In _fact; by using this tlﬁeofy, the
potential fluctuations are predicted to increa.s'e. as the tempefature decreases throughoﬁf
the SOL. This is in direct contfas_t to the experimentally observed sharp reduction_ n
fluctuations and radial particle diffusion beyond the limiter. Hence, it is important to

include the limiter boundary condition effects on the SOL turbulence.




2. Resistivity Gradient Driven Turbulence Analysis

2.1. Limiter Effects |

_The linear rippling or resistivity gradient driven mode analysis [6,7,8], uses reduced
r651st1ve MHD equations in cylindrical geometry [ | and the resistivity evolutlon or heat
conduction equation. In the electrostatic approximation, the potential ((;3), parallel current

( .i), and resistivity (7) fluctuations are coupled through the parallel Ohm’s law, parallel

vorticity, and resistivity equations. The basic rippling mode instability is driven by the
resistivity gradient, damped by the parallel thermal conduction, and radially lo;:alized by
the magnetic shear. The reader is referred to Ref. 7 for the notations, parameter defini-
tions, and basic equations assumed in the following analysis. The radial linear eigenmode

equation for the potential fluctuation, with parallel thermal conduction neglected, results

_.in the dominant. growth rate o =.(n3J%L2m? / 16B2L4pmr2)%/5, e e

In this section, the basic rlpplmg mode equation is solved with the limiter bound-

ary conditions imposed. We consider a conducting poloidal ring limiter with a rélatively
small toroidal extent (A¢ <« 2m, where the half toroidal angle between opposite points
on the limiter'is ¢g so thatv ¢o ~ ) and a moderate radial extent-(Ar, which is typically

3 cm). It is most natural to impose the limiter boundary condition on the potential fluc-

tuation in the coordinate along the field line ({) where the mode is tied to the limiter,

q~5({ ~ +¢o) = 0. To facilitate this analysis it is useful to employ an eikonal. repi‘esén—
tation, @(r,6,¢) = Yo exp[ (n¢ — m9)]fd( exp {—1 [n —m/q(r)] ¢ $(C). Invokmg‘

the eikonal transformation of the second order radial r1pp11ng mode equation results in a

327 | Ro\> 1 .| &2
Rz +X||7k9 <L5> RZC :l BCZ
[ B,J, R\>1 .| & '
_TzvEb — (1
+ me R0k9+Xn4k97 (Ls> R‘SQJ o (1)

[ N2 2 . _
+ | =7k} (%—j) ¢* + x)2k5y (%) -ng] }¢(C)-

~ Here, the following transformation relations were used: d/dt — «; V | — Rod / 8¢; V3 —
—k2 (Ro/L,)" (% kg = m/r; and /86 — —im.

. fourth order equation along the field lme-,

B2 %
0=<¢ — z +
{ ﬂoPngxu 8C4
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In the absence of parallel thermal conduction (Xll ~— 0), Eq. (1) reduces to a second
order equation, [82/8¢? —iA48/8¢ — B(*] $(¢) = 0, where A = noRoJ,0ke/ (B, Ly), and
B = nopm Rakiy / (B 3L§) . The free boundary condition solution (dominant Hermite mode,
Ho =1)is <£o((:) = ¢g exp [z(A/2)( — (\/1_3/2) Cz}, where the growth rate (AZ = 4\/§>
is identical to the radial eigenmode solution, v =y, as it should be.

The rippling mode solution including the limiter line-tying effect is expressed in terms

of the dominant (even) mode, ¢(¢) = ¢o(¢)M [— <A2/16\/§> +.25,.5, \/ECZ], where M
is a confluent hypergeometric Kummer’s function [10], and the limiter boundary condition

is expressed as

For typical parameters, v B¢2 < 1, a Bessel function approximation for the root of Eq. (2)
~ can be utilized (4 = r/¢). It follows that the growth rate with limiter effects is

0% =.(n0,R0Jzoke/B‘gLn) (%b‘o/ﬂ) . - : | : (3)

The rippling mode growth rate with and without the limiter effects can be compared by
using typical Macrotor parameters [10]: kg % m/ re; m R 5y v, & 35cm; Ly = 103cm;
Ry ~ 90cm; a ~ 45cm; B, = 2kG; L, ~ 13.5cm; 770/#0 % 8.22 x 104cm2/sec; q(0) %A 1.3;
poJz0/B. 7 2/Roq(0); TR & 2.5X 10 %sec; x| = )ZHRg/TR; x| = 2.5x10% p, ~ .22¢m; and

cs ~ 4.15 x 108cm/sec. The free boundary condition growth rate is yp &~ 1.8 % 104 sec™ !,

while the limiter induced boundary condition growth rate is v ~ 1.3 x 103sec™ ' Yo / 14.

Consequently, a single poloidal limiter results in a reduction of the rippling mode growth
rate by over an order of magnitude. ,

The parallel thermal conduction correction of the rippling mode analysis with limiter
boundary condition effects is contained in the fourth order parallel coordinate eigenmode
equation, Eq. (1). Proceeding with a rigorous analytic cal(_:ula,tioﬁ in the parallel coordinate
is clearly a difficult task. To obtain a solution in the lmost expedient manner, it is useful to
utilize the properties of the eikonal representation in order to transform the parallel limiter

boundary condition to an effective radial boundary condition. The eikonal transformation

expresses a Fourier transform relationship between the radial and parallel representafion,
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qz(:c) = [ d{exp [—i < I'Iw) ROC] #(¢), where kl'l =m/r,L,. Hence, the conjugate parallel-
poloidal width relationship is

Az = 2L,r, [ (RomA(). - (4)

The growth rate, including thermal conduction effects, is obtained by utilizing a

WKB connection or phase quantization condition. Using the radial eigenmode equa-

‘tion, the tﬁming point, Xog = 26 / (1 + bX%), and the boundary condition, Xg / 2 = AX,

(AX = 2L,r,/Rymzr¢o) imply a solution if G = 1, where G = X,/ [26/ (1 +bX2)].

‘However, in the limit 5XZ 3> 1, ¥ — 0, and for typical parameters G — bX3/(28) =

32¢(0)rs Ly x| / (ma®43) ~ 1.6 x 10* >> 1, no solution exists. The rippling mode is found

to.be stable in the SOL since the large reduction in parallel connection length, due to the

presence of the limiter, causes a r(conjurgat(?)flr‘ayrgwg increase in radial width aﬁq resultant
parallel conduction damping. The perpendicular wavenumber spectra will also alter due to
the increased radial mode widths. There are two importént restrictions on the applicability
of this result. First, the instability can survive for a small paraﬂel'thermél_cc’)nductivity
case (ng < 1) Whgré X < 108. Secroh’d; fhg instability Wﬂi also survive if the finite radial
extent of the poloidal limiter is taken into account. | | ’ |
2.2. Radiation Effects A

Recently, multifaceted asymmetric ra.diati'én froni the edge (MARFE) [11] has been
observed in tokamaks. In this section, the RGDT is extended to include a large source
of radiation from the SOL region (which does not account for asymmetries). Previous
calculations [12] have indicated the destabilizing effect of impurity rédiation on the cou-
pled set of temperature, fluid velocity, and density fluctuation equations. The following
calculation focuses. on destabilizing radiative effects on the rippling mode. The derivation
proceeds by including an impurity radiative cooling term in the heat conduction equa-
tion, (3/2)nedTe/dt = /-c”VﬁTe — (1/2)nen, L, (T.), where the impurity denéity is n,, L,
is the radiation rate, and we assume a Spitzer resistivity relation, T, = Agn~2/3. The
modified resistivity evolution equation is [d/ dtu— X”Vﬁ — 'yR] f=r1 (855/80) (dng/dr),
where vp = (nz/?)) [5L2/2T0 — dLZ/dTO}, x| = 2/s||/3ne, and an expansion of the radi-
ation rate about the typical SOL temperatufe (7o) has been performed. The additional
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radiation rate (yg) term is destabilizing for temperatures above a critical temperature
(vTc), where the slope of the radiation rate is negative with respect to temperature. For
typical SOL parameters (carbon impurity, T o 5eV, n, ~ 1'01°cm‘3, no ~ 10*2¢m—3,
To ~ 18eV)yr ~ 6 x 103sec™! ~ ~0/3.

In order to calculate the linear growth rate, the radial rippling mode equation is

simply altered by changillgiparameter definitions to include the radiative cooling effect,

§ = &8 = Lsnono/ (L,B.2zrY'), b = V' = mZX“m%/ (rfLﬁ*y'), andy -4 =v—9g. In

the zero parallel thermal conductivity limit, the growth rate is

v=90/ (1 =va/7)"°. . (5)

The radiative cooling produces a sizeable growth rate increase (for yg/y = 1/ 4, or yr &

__.320, then v & 1.37p). For the case of large parallel conduct1v1ty (b'XO > 1) the grovvth; .

rate is only shghtly 1ncreased due to radiation effects.

In the nonlinear saturated state, the vorticity equat‘l_on decoupleé from the resistivity -

equation and Ohm’s law since J, /= 0 [7]. After the convective derivative has been renof—

malized in the turbulent regime, the saturation eigenmode equatlon for the re51st1V1ty 1s'

[02/6Y? + 4*3 (Y"'+R-Y?)]7 = 0, whee R = 18f% 37 =

1/8 . , _.
(LsnioTz0/LyB.) ™" (X”k'”) '~ 10%sec™, R & 1/2, A = LynoJwAL/L,B, Dy, and
1/4 )
A‘];; = ( P / X”k'2> . The saturation diffusion coefﬁcienf; is obtained by a phase ir;teg?al
quantization, ' | ' '
D 2 | : 4/3 2\ "V 0/,.2 N
¢ = (134/8%) (Lamooo /Ly B (xyk'}) ™ = DY/w2, (6)

where the k term contains the radiation effect, x = (1.34)1/2(7r/2)/[f0Y° dY (Y~'+R-Y?)],

and YZ = Yo““1 + R. The corresponding saturation potential is

(e;;s/Te> = 01.23 (LimJeo/ Ly Bocopoko) = o (ed/T. ) | (7).

where a = £~%/2. For no radiation «, a = 1; however, for the typical parameters (R = 1/ 2),
the diffusion coefficient and the saturation potential are increased by approximately 30%

(Dg =~ 1.»3Dg R 1.04cm2/sec', (eq;/Te> 1.3 (qu/Te)o ~ 10%).

T
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- —- —--mode-width-obtained from-this-analysis-is- Aﬁvj%-2.57r',-whiéh"i-s ‘much- shorter-than-for the - —---—~—-

3. Dissipative Density Gradient Driven Turbulence Analysis

The dissipative density gradient driven turbulence (DDGDT) analysis [13] is based on the
density fluctuation equation, aﬁ/at +nV)u) + V. (nv')) = 0, and the parallel velocity
equation, _dv”/clt + vevy = v&, V) [(eg?)/Te) —ﬁ]. Here, ¥, contains the E x B and

curvature drift, v.; is the electron~ion collision frequency, and wpe = vre / Roq is the

— - _transit_frequency.
The saturation potential from a ﬁonlinear renormalized analysis is <eq§ / Te)o =
(.25ps/kyp8Ln.§3/2) (Veics/w%eLn) V12 4, and the turbulent radial diffusion coefficient

is Do ~ T2 ®n2/3 ~ 2.4 x 10%cm?/sec. Here, PreText parameters have been used,

Ve; =~ 108 sec”!, L, ~ .5 cm, B ~ 8kG, cs ~ 4.9 X 1060m/sec, ps ~ 6.4 x 10~ %cm,

Ry =~ 53.3 Cm, a ~ 14 cm, g(a) = 5, § & 1, T, = 25€V, and képs'm .1. The parallel

resistivity’gradient driven mode. Consequently, it is expected that the limiter line-tyiﬁg

effect on the dissipative density gradient driven mode should not be as pronounced as for

the resistivity gradient driven mode. To obtain’ a rough esﬁr’nate of the altered saturated -

state including the limiter efféct, it is useful to replace the connection length (Roq) free

mode width (A{ ~ 2.57) with the limiter imposed parallel mode width (A¢ =~ 7). The
‘result is a 10% reduction in the potential fluctuation amplitude and a 30% reductioxi_ in

radial particle diffusion,

(e_g?;/Te) o (eq@/Te>0'(7r/A§)1/6 ~.34, D - Do(m/AQ)Y % 7.1 x 10°%m?/sec. (8)




4. Conclusions

+ The stabilizing effect of a conducting poloi&a.l limiter on RGDT has been investigated. I

the parallel thermal conduction damlvoing is neglected, then the rippling mode growth rate
is reduced by over an order of magnitude for typical parameters in the SOL. However, if
parallel thermal conduction is included in the analysis, then the rippling mode is stable.

Presently, experiments are being conducted on TEXT with a poloidal limiter and a move-

able mushroom limiter (MML) to determine the relationship between connection length in
the SOL a'nd.the turbulence level. The RGDT can be reduced by using a series of MML’s
which will further shorten the connection length. However, when a divertor is employed,
the turbulence should be reduced near the separatrix since there is very strong shear and

the temperature is relatively high. It should also be noted that the density doesn’t track

__the potential for RGDT near the limiter. This is consistent with experiment, although o

is not true for DDGDT since the Boltzman relation applies.

Calculations have also been performed which indicate that radiative cooling can lead
to a 30% increase in potential fluctuation aﬁd. diﬁ"uéion saturation levels for typical param-
eters. Estimates for the DDGDT saturation levels Ainchiding. the limiter effect show that
the particle diffusion and the potential ﬂuctuaﬁion are reduced by 30% and 10%, respec-
tively. These finite saturation levels indicate that DDGDT migilt be a good candidate for

a study of SOL turbulence, so that further investigation is warranted.
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