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Abstract
The narrow power decay-lengt g, recently found in the scrape-off layer (SOL) of inner-
wall limited (IWL) discharges in tokamaks, is studied using 3D, !ux-driven, global two-
luid turbulence simulations. The formation of the steep plasma pro"les is found to arise
due to radially sheareE! B poloidal lows. A complex interaction between sheared !ows
and parallel plasma currents out!owing into the sheath regulates the turbulent saturation,
determining the transport levels. We quantify the effects of sheared !ows, obtaining theoretical
estimates in agreement with our non-linear simulations. Analytical calculations suggest that
the IWL! 4 is roughly equal to the turbulent correlation length.

Keywords: heat-!ux width, plasma turbulence, scrape-off layer, sheared !ows

(Some "gures#may appear in colour only in the online journal)

Sheared !ows can signi“cantly affect the properties of tuis the power !lowing along the magnetic "eld lines towards
bulence in magnetically con"ned plasmas. These effects #re device walls, and is the radial coordinate). As opposed
observed in many plasma con"gurations, an archetype of stehhe con"ned plasma region, where we seek to use sheared
phenomena being the spontaneous formation of the high-cws to minimize turbulent transport, SOL turbulence can be
"nement (H-)mode barrier at the edge of tokamak plasmiaelpful by broadening pro'les to avoid a too narrow power
[1]. Turbulent suppression typically occurs when the radiekhaust channel.
shearing rate of thE! B plasma !ows,! g; g = dvg g/dr We concentrate on the inner-wall limited (IWL) geometry,
(ver 8= E!' B/B?), is of the order of the linear growth ratavhere the plasma makes contact with the inner-wall of the
of the turbulent mode<2] 3]. Understanding the effects ofdevice. This con"guration will be used as a start-up plasma
sheared !ows is paramount for attaining a fusion reactor, d8enario in ITER before standard X-point con"guration is
particular due to their typically bene"cial effects upon plasmgtained 4]. It was originally assumed that the ITER IWL
energy con"nement and stability. SOL could be described with a single-exponer! @lof a

The present letter deals with radially sheE! Blowsin  few cm@ [5]. Recent IWL experiments demonstrated that the
the scrape-off layer (SOL) of tokamak plasmas. In this regig®|. plasma proles have a double-exponential decay length
of the device, the balance between cross-"eld heat transp@fficture. In effect, in the near-SOL just outside the- con
against parallel streaming along magnetic "eld lines gives riggyq plasma regior! 4 is an order of magnitude smaller than
to exponentially decaying power pro“les with a characteristisxpected §B10]. We refer to this steep gradient region as the
length! =1 (dxIn Q) @! naT, withes= /(Te+ T)/im, Marrow heat-lux featireD A multi-device study projects that
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the ITER IWL near-SOI 4 will be about 4nm, and prompted dle _ 4 Te! 7 & To i1 o $
a redesign of the inner-wall tiles to accommodate for the sig o - 3eB #E@( )t F@(n) eQ(!)g
ni"cantly smaller than expectd ¢ [11]. oT

Herein we demonstrate that the steep gradients in the nar + 3—;] 10.71 #(j! 9) Len"# (V! eb)&
row heat-lux feature can arise due to radially she&! B ) W w2 W w2
poloidal lows present at the interface between the con"ned Pve 1 Tet "ge sTet” o it S, (9)
plas;ma region and the SO'L. We'observe this phenomgnomqinthese equationsdf/dt =1 £/l t+ {!, /B, we use the
3D .ux-drlvep turbylence swpula’uons of plasma dynamics IBgisson bracke{g, f} = g1 (" ¢ " f), and the curvature
the IWL con"guration. Despite the strongly sheared !ows, we tor®(f) = (B/2)¢ " (B! f. Th i i
"nd a relative !uctuation amplitude of abo20% within the ?pera or _).. ( )G. (B/B)y ! 1. e unit magnetic
narrow feature in the simulations, which is consistent witf'd Vector isB=B/B, j, = en(ui! Ve)is the paralletur-
experimental observations. The most peculiar and surpris|figt @nd!: is the Spitzer conductivity. The coordinate-sys
aspect of the simulated dynamics is the role of sheath te is given by the p?lmdal length, radial, and toroidal angle
rents and their interaction with the sheared turbulent lows ffPerdinates(y = tax" ). S and$, represent source terms
regulating cross-"eld turbulent transport. Considering the§§6d 'to inject denglty gnd temperqture into the 5|mulat|on
phenomena, we develop a reduced transport model captuﬂﬂ@a'n' The numerical implementation J&(5), including

the physical mechanisms at play within the narrow featuf8€ d€"nition of the gyroviscous terr! - G, and other dissi
The resultind 4 is intimately linked to the turbulent correla pative contributions, is described in detail 14]| (It has been
tion length. h checked that the arti"cial dissipation terms do not affect the

The formation of a narrow heat-lux feature is demor. d simulation results.) Sheath boundary conditions, modeling

strated using 3D lux-driven turbulence simulations of plasnige interface between the SOL plasma and the vessel walls,
dynamics in the IWL con"guration. The non-linear simula@'e gppllgd at the e.ntrapce of the magnetized pre-sheath where
tions allow us to extract and understand the variation of #{i¢ 1N drift approximation breaks dowl].

near-SOL! 4 with the plasma parameters. We make use of Simulations —are carried out within theparam

the drift-reduced Braginskii equatior&2][ which arise from eter range !}'= R/ly= 25(P1000, ! = €?re creto/
applying the orderingd/dt! !¢ (! = eB/mjistheiongyre (MR = 0.01,0.1,1, q= 4B16, me/m= 1/20C,  with
frequency, with the value & taken from the magnetic axis)a/R! 1/4 (q! (r/R)(B/B) is the magetic safety fac

andk ! k to the Braginskii luid equations#y. We COR  tor, while ! ;= cp/" 6, Go = \/[TeLcrs/M). The simulation
sider the simplest possible model that can be used to rec%\éﬁ%\meterpf: 2000, » — 0.01 roughly translate to the IWL

r . ) .
the narrow hea’g lux feature, i.e. electrostatic, cold ions, & parameters of Alcator C-Md®, = 0.67 m,Bo= 4 T,
large aspect ratio torus with circular geometry, and we use

_ _ 19 ! 3 H H i H
the Boussinesq approximation. This model includes the- phTf’jCFS = 25V ne1cps = 107 M %). Using a smulatlon with
=500, q= 4, andv = 0.01, e.g. corresponding to C-Mod

ics of drift and ballooning modes, which can be destabiliz”x

either by "nite resistivity or electron inertia. The model equ&arameters but witBo = 1 T, weillustrate the basic physics
tions#for conservation of densityvorticity! = " 21 , parat mechanisms giving rise to the narrow heat-!ux feature. The

lel electron and ion velocitiev, _;, and electron temperatures'mu"”1t|0n domain entails an annular yo"Iu_me representlng the
el plasma edge and the SOL, where an in"nitely thin wedge acts

Teread as a limiter on the high-"eld-side. Temperature and density
dn _ 25 4 " A " are added within the plasma edge using poloidally uniform,
gt eB &)t end( )8! #(nv! 99) o s S radially Gaussian sourceSz(andS,) of radial widthsp,, and

(1) placed at the inner boundary of the simulation domain. The
qi B . B2 ) plasma pro"les steepen due to the action of the sources, driv

— = —Q(p)+ —"# (j! 19)$ vy ! ing turbulent modes that "Il the SOL with plasma. Figlre#
dat  nm nm shows steady-state, poloidally and toroidally averaged, radial

+ D" 02/0! + i@(Gi) ) pro"les of ncTe showing a very clear break in slope about

3nm 20p, away from the LCF&ncT: ~ g, near the limiter). The
near SOL ha\, = 8p,,, which translates to a few millimeters
avi e ej e,  hp, 071 Te, in physical units (tymally p,, < 1 mm), and would be compa

dt - !!me+ Me nme Me Vik 1 Ve rable to measured valuekl]. Pro"les have been obtained just

above or below the limiter, and on the outboard midplane in

|
+ Dyd 2vie" 216G (3) order to demonstrate that the radial gradients are steep on the
3nme inboard and outboard planes. From here onwards, we consider
time, poloidally and toroidally averaged quantities (denoted
% = '_pe LW+ Dy 2y ! 2"\Gi 4) with angled bracket()) in order to highlight the main physi
dt n o v 3nm cal mechanisms at play. The assumption of weak poloidal
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Figure 1. Time averaged radial pro‘les ne.T, computed using Figure 2. _POI0|dal cross-section of t.he ele.ctrosFatlclp!)?tfntlal during
(a) the entire poloidal cross-section (blue dotted lirt)tHe the quasi steady-state phase of a simulationgwti, !, == 50,
equatorial outboard side of the device (black line with triangles), ! = 0.0-. The wedge on the inner side of the torus represents a
and €) just above (red line with left-triangles) ardt) pelow the toroidal limiter.

limiter (magenta line with right-triangles). Data obtained from the . . . . .
. . . : V1 Additional simulation scans have been carried out varying
quasi steady-state phase of a simulation gith4,! == 50C,

| = 0.0, v andp, at "xed g= 4. In the "rst case, the resistivity only
has an effect whev ~ 1, in which case we observe weaker
gradients is consistent with recent Alcator C-Mod Langmujy near the limiter and an increased radial transport. Within
probe measurementsq). the explored parameter range, we "nd little variatiol\,/p,
Figure 2 shows a snapshot of a poloidal cross-section ofwith p,, which suggests a weak dependence on the normalized
during the quasi-steady state phase of the simulations, wheré>thgma size.
plasma quantities are subject to power balance. The cadig To gain further insight on the role of the out!owircgr-
onentof the steady-state electric "e(E,) = —0,(¢) has oppe rens, we concentrate on the charge balance in the system,
site signs in the SOL and in the plasma edge. In the SOL, @giation#). This is illustrated in "gured{ where we have
interaction between the plasma and the sheat(¢) ~ A(T;)/e ~Separated the contributions of all the terms in the vorticity
(A ~3), i.e.(E,) >0, while in the plasma ed(E,) < 0. As a €quation# (including numerical dissipative terms), as radial
result,(4) varies signi"cantly around the LCFS, giving rise to aro"les. We observe that the parallel current contribution,

poloidal velocity shear layer in our simulations. This shear lay B2v . /(nmi)>, strongly affects the charge balance in the

is similar to the one resulting from an imposed electric "eld Wik ar-SOL. The parallel currents are mostly compensated
in [17). In "gure#8, theshearing ratwg- g = o '[(¢)!|c/RiS  through a polarization contributid ({!* }/B), while other

compared against theeference ballooning growth raté§ ormg play a minor role. The curvature te2< B&( pe)/(nmi)>

= VAT Lp)e/R (Ly =" diIn(p)). The shear layer pjays an important role in the far-SOL, consistent with blob
effectively divides the edgef the plasma into 3 regions: (a) thelament motion R0]. On the other hand, the radial dissipa
plasma edge, whe! ;;is comparable or larger thwe «g, (0) the  tive terms become noticeable near the LCFS due to the steep
near-SOL, where drift and ballooning type modes are strongbadients of the radig! ) pro“leN it has been tested that
stabilized due to the velocity shear layer, and (c) the far SQecreasing the radial diffusion steepens the pro“le by about
wherewg . g is weak. The latter region was extensively describgf'  which is within the 95% con"dence interval of 1 @'t.
in our previous studied 9. We now propose a reduced model predict g based

We typically "nd A(T.)/e > (¢) at the LCFS of our simu pon a balance between tjj@ndj, contributions. Our objec
lations, which is consistent with Langmuir probe measurge is to obtain the transport levels within the narrow heat-lux
ments in the near-SOL of TCV and COMPASSq]. This  feature. The perturbed electrostatic potential is determined
phenomenon, in fact, suggests that parallel currents lowiggoygh the vorticity balance, allowing us to evaluate the near-
out of the plasma play an important in the near-SOL, sing®)| E1 B velocity. Consider a steady-state equation# bal
by chargeconservatiorj, /L, ~ jj/Lj. Assuming thaL;! gR, ancing parallel and polarization current terms at the LCFS.
this simple heuristic argument immediately relates the neattegrating along the "eld line, and neglecting parallel mode
SOL width, which should be similar tL,, to the safety anisotropy, we obtain
factor ¢! 1/B,. Indeed, a simulation scan over 416, 1., 1o S et $
shown in "gure#, con"rms that\,/p, x ¢ at "xedv = 0.01 E{' = L &Py T Bg/‘o )
and p;l = 500. The error bars give the root-mean-square - o
deviation obtained fromitting (nc,7.) over a time interval where we used Gaussheorem and simplited the sheath

of 4CRy/cyo. current jg, = eng(1! exp("! €l /Te))# encsexp(€ ! /Ty
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Figure 4. Simulated narrow-feature widths in simulations with
Figure 3. Radial pro"les ofl g- g = "#%@ )|, and the ballooning q= 4B16,!! 1= 50C,! = 0.0~
growth rate! , = /2(Te)/(' | Lp). Computed from a simulation with '
q=4,!)"=50C! = 0.0 In the last expression, we replacL, = gR and we assumed
éhat eddys have comparable radial and poloidal wavenumbers,

polarization current contribution is dominated by a radially-«! Ky k around the LCFS. The near SOL wavenumber

sheared convection of vorticity. Taking a poloidal average, seonsistent with simulation results, and with gas—puff Hhag
recover the expression ing of SOL turbulence?3]. As the modes traverse into the

far SOL, ks decreases whilk, remains about constant. We

("4 =" T/e" " ). The simulation results indicate that th

1! '#__ 11+ oy el ﬂﬁ also approximatexp(! e" 4/T)Y* 12, based on the LCFS
B2 x* Wﬁg/‘ L, & T %' (™) values consistently found throughout our simulation scan.

The weak dependence obtained with respect to the plasma
with the tildes indicating perturbed quantities. This step poirgarameters can explain, in part, why it is dif'cult to vary the
out that it is the radial shear of the turbulent motion that allowsrrow feature width in experimeftghe plasma parameters
diverging parallel currents to arise. The currents lowing intgppear only indirectly, and through the radial correlation
the sheath, in turn, allow the potential to decouple from thghgthL,q = ! /k.. Equation/) is the principal result of the
temperature pro”le. The interaction with the closed magnefigodel, and the simpler expression involvk, is evaluated

eld line region, where the electric "eld has the opposite Siging the radial eddy correlation length from the simulations
than in the SOL, leads thereafter to the radially sheared elggy compared agair! in "gure®. The simulation parameter

. N P
tric "eld characteristic of the narrow heat-!ux feature. range is as mentioned aboge: 4B16,! !! 1= 250500,100,

. = 2= n "
Next, we estimate™ " k!, and!x" ki and!y" ky, | _"59101,1 with! q generally increasing with the safety
which leads to the radiE! B velocity of turbulent structures factor, atl = 1, and showing a slow variation with respect to
propagating across the narrow feature the n(;rmalizea plasma size

LK et $ In conclusion, we propose that a narrow layer of radially-
<V%" BX>! <Cs i Yy o f &>. (8) sheared poloidal !ows, occurring within the near-SOL, is

' Lk "Te % responsible for the steep plasma gradients recently measured
The turbulent !ux follows immediately from the estimat In the IWL tokamak experiments. Non-linear, tux-driven-tur
o _ h litud ¢ the I . %ulent simulations demonstrate the spontaneous formation of
('#)' (P¥s8x). The amplitude of the luctuations tra g B shearing rates signi"cantly surpassing the expected lin

versing the narrow feature from the edge is estimated &g growth rate of the turbulent modes. Simulation results sug
(! (P/(kd ¢) [21, 22). Then, the near-SOL width can be

| T . 1 "1 . . .
obtained by balancint " (# ) against the sheath contributiorpeSt_tha' o/"<increases witg! 1, Wlth weak_er variation of
L (#) S < p—" /T)>/L The assumption of paraIIeI! qwith respect to ort . The analysis of the simulations leads
L i = fl e, 1.

_ I _ us to conclude that the near-SOL turbulent saturation level can
convection rather than conduction is justi"ed in the case |9¢ determined by balancing the polarization currents driven
weak poloidal plasma gradients, which was an assumptiorygfthe turbulence against parallel currents that ultimately low

our analysis. The result is into the limiter. Analytical estimates lead to a gradient length
K, L | e, S 1/4 WY q /4 of the order of the turbulent correlation Iength."'I;he pr.oposed

lg= ( 55— exph 0& " L_O& . (9) transport model would suggest that ¢! ¢ I, scaling

kke s Te % 2" % (e.g. as in the drift heuristic mode&l4]) can originate from
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Figure 5. Charge balance contributions from parallel currents ~ Figure 6. Equation ) is compared again! q from non-
(blue line with dots), vorticity convection (red line with crosses), linear simulations within the parameter ramge 4B16,
curvature effects (yellow line with®), parallel (purple line with 1! *= 250,500,100(,! = 0.01,0.1,1. The radial correlation length

diamonds) and perpendicular (green line with squares) dissipatiofequired to evaluate equatid®#gas obtained from the simulations.
terms. Computed from quasi steady-state phase of a simulation with

q=4,!,'=50(! = 0.0 Dedicated experimental campaigns at C-Mod, DIII-D, and
TCV will be used with the objective of validating the physical

the turbulent wavenumber. Inertial ballooning modes (IBMJSI9Nts here presented.

are the most linearly unstable modes in the parameter regime
g=4,!,'=50( ! ! 0.0: and with steep plasma gradienté\cknowledgments
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