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Abstract 

PHYSICS AND MODELLING OF SCRAPE-OFF LAYER TRANSPORT 
We present studies of three schemes for reducing the peak heat flux on divertor 

plates, divertor biasing, impurity injection ("radiative divertor") and neutral gas in
jection, ("gas target divertor"). We report on theoretical analysis of a likely source of 
turbulent transport in the SOL and incorporation of the resultant transport coefficients 
into self-consistent models. 

The high heat flux incident on divertor plates is one of the crucial problems 
for ITER, and other large, long pulse tokamaks. It is important to have models 
that describe the behavior of the scrape-off layer (SOL) region of present-day 
diverted tokamaks such as DUI-D, both for scaling to larger devices and for 
obtaining quantitative evaluation of schemes that manipulate the SOL to redi -e 
the pftak heat flux. 

We model the SOL equilibrium with 1-D and 2-D transport codes usii. 
fully implicit algorithms[l} that solve for particle continuity, parallel momen
tum, electron energy, ion energy, electrostatic potential, and neutral gas den
sity. ParaiArf cttmente and cross-/ferd drifts are included so that divertor biasing 
can be investigated. Such drifts can also be important in preventing impurity 
accumulation. Transport parallel to the magnetic field line is assumed classical 
while perpendicular transport is represented by anomalous diffusion coefficients. 

We have modelled several single-null DITI-D discharges between ELMs in 
the H mode regime. The shots we have chosen to model represent data with the 
plasma current and the neutral beam heating power varied. The radial electron 
temperature and density profiles at the outer midplane are obtained from map
ping Thomson scattering data along flux surfaces. The radial density diffusion 
coefficient, D, and the electron thermal diffusivity, Xe are adjusted in LEDGE 
to fit the measured midplane profiles of electron density and temperature. To 
date we have assumed the ion thermal diffusivity is the same as the electron. 
Recent ion temperature data in the boundary plasma indicates this assumption 
is reasonable. For neutnJ beam powers between 5 and 10 MW, and plasma 
currents between 1 and 1.75 MA, we find the transport coefficients in the range 
0.05 m ! / s < D < 0.2 m 2 / s , and 0.2 m 2 / s < x«= < 0.5 m 2 / s . The calculated 
width of the power profile on the divertor plate using these transport coefficients 
is consistent with that measured. However, the calculated peak power is higher 
than that measured by a factor of two to five. Experimentally, we find the power 
measured on the divertor floor is significantly less than the difference between 
the input power and the radiated power, hence we can not account for all the 
input power. The relatively low x's are associated with the relatively narrow 
Tc profile width Lie ~ 0-5 cm for these shots, which in turn calls into question 
the validity of a diffusive transport picture; for the turbulence model discussed 
below, the expected fluctuating-field-line radial displacement is that large. 

We obtained results for LEDGE simulations of divertor plate biasing with 
classical cross-field drift effects. The electrostatic potential is obtained from the 
V • J ^ o current continuity equation with the diamagnetic and E x B drifts, as 
well as parallel currents, included self-consistently. For these calculations, pa
rameters are chosen for single-null DIII-D discharges in the Ohmic regime (D = 
Xi — Xc = l m 2 / s , and plasma core boundary conditions n; = 2 . 0 x l 0 1 9 m - ^ and 
T e = ?{ = 100 eV). The ion VB drift is towards the x-point for this magnetic 
configuration. As the bias voltage to the outer divertor plate is made more neg
ative, the powers to the inner and outer plates become more balanced as shown 
in Fig, 1. Also shown is the net poloidal current, Iroi. The dominant mecha
nism changing the power distribution is identified as the convection of electron 
energy accompanying the increased electron parallel flow from the outer plate 
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to the inner plate. This power can be written as - (5 /2 + 0.71) x (BpTeIpoi/eB). 
A bias voltage of -25 V is sufficient to nearly balance the power to the power 
to the two plates. Generally, the amount of the power shift or poloidal current 
calculated for a given voltage is much larger than observed experimentally [2]. 

The effect of the cross-field drifts is to shift the mixture of ion heat flux 
to electron heat flux at a given plate because the ion and electron diamagnetic 
drifts have opposite sign, but these effects tend to cancel for T e « %. The 
E X B drift gives an incremental shift in the total power from the inner plate 
to the outer plate for the ion VB drift toward the x-point [3] resulting in an 
enhancement of the power asymmetry. The plasma density at the inner plate is 
increased by a factor of 2 and is shifted radially outward by the radial E x B 
drift. On the outer plate, the opposite shift in density occurs. These shifts can 
have important implications for pumping neutrals as their production maximizes 
where the particle flux maximizes. 

For the radiative divertor configuration, two important requirements are 
the ability to maintain a low level of impurities near the edge of the core and 
to radiate a significant fraction of the SOL power plasma. A source of fuel gas 
injected upstream of the divertor plate results in increased ion flow directed 
toward the divertor plates; use of such flow has been proposed to entrain the 
impurity species near the divertor plate via interspecies friction. This frictional 
force o> poses the thermal force from the steep axial temperature gradients which 
is directed away from the divertor plate. We performed a radiative divertor study 
for parameters of the TPX/SSAT U.S. design study to evaluate the reduction 
of peak divertor heat load and the electron temperature at the plate. Argon 
gas was injected assuming a number of source profiles, including Ar puffing 
away from the divertor plate in the private flux region, as well puffing very 
near the divertor plate in a closed "slot" configuration. From the results of 
a multispecies, non-coronal one-dimensional fluid code (NEWT-ID), we found 
that private flux puffing resulted in steady state Ar profiles which had poor 
entrainment properties (midplane Ze/f > 3.5) over a range of supplementary 
upstream fuel sources. Considerably better entrainment was achieved when the 
argon was puffed in a closed configuration. With an upstream source which 
corresponded to a midplane density at the separatrix of 3 x 10 1 9 m - 3 , the 
midplane Zc/f < 1.6, with midplane argon concentrations which are thought 
acceptable for core contamination. 

The E x B drift is an additional effect that can influence impurity en
trainment. Because of the in/out power asymmetry mentioned above, the ion 
temperature gradient will be larger near the inner divertor plate with the lower 
heat flux. Should the ion thermal force cause impurities to flow out of the low 
heat flux side, the E X B driven ion flow is predicted to sweep them all the way 
to the high heat flux side of the divertor, preventing an impurity accumulation 
outside of the divertor region. Inclusion of this effect in NEWT-ID is yet to bo 
done. 

The cooling properties of this radiative divertor configuration are quite good 
for the TPX/SSAT case studied; the plate electron temperature was reduced 
from the 100 eV range to below 5 eV, and the peak heat flux was reduced by 
a factor of 12, while radiating about 80% of the incoming SOL power. The 
expected plate erosion from the incident argon is estimated not to be serious. 
Two issues that need further study are the effects of 2-D flows on impurity 
entrainment, and the compatibility of the midplane separatrix density needed 
for entrainment and that obtained from core plasma considerations (~ 2 x 10 1 9 

m " 3 ) . 
We have also used NEWT-ID to simulate DIII-D with and without nitrogen 

puffing. Without puffing, less than 1 MW of power was radiated by the carbon 
impurity from the plate out of a total of ~ 3 MW from the core. With puffing, 
the power radiated rose to 1-2 MW, consistent with measurements. Nitrogen 
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puffing is also modeled using the output of LEDGE to give plasma profiles and 
neutral density for use with the MIST impurity radiation code [4]. Although the 
calculation is not yet self-consistent, it gives an estimate of about 5% nitrogen 
to account for the 1-3 MW of radiated power observed. 

For the gas-target divertor, we model the region between the x-point and 
the divertor plate as though there are close-fitting side walls through which 
one can altenately inject gas and pump gas over adjacent segments. We have 
developed a two-species gas fluid description for the Franck-Condon neutrals 
and the charge-exchange neutrals. Initial results show that even for substantial 
gas injection from the side, the comcomitant recycling gas production on the 
divertor plate dominants, and the effect is similar to setting the plate recycling 
coefficient closer to unity. 

The predictive ability of codes such as LEDGE has been limited by the 
use of ad-hoc radial transport coefficients. Knowledge of the radial transport 
is crucial as it directly impacts the SOL width and hence its power-handling 
capability. We begin to address this deficiency by exploring in some detail 
a suggestion made in Ref. [5] that an instability driven by end loss, electron 
temperature gradients and ion polarization drift could be responsible for SOL 
turbulence. 

We note first that, in the relevant electromagnetic regime, the origin of the 
instability is in fact in the axial variation of the equilibrium electric field. If 
we follow the field-line displacement £ resulting from an (Eularian) potential 
perturbation 4>tnetl to leading order the temperatures and density are unper
turbed. Hence the perturbation in the Debye sheath charges up the field line at 
the rate -2(9j | | /3^)^t , where j$ is the equilibrium end-loss current and <J>L is 
the Lagrangian potential perturbation. This is balanced by charging from the 
polarization current, at the rate (ick\e/uCiB) f dsnSliji, where ii is the wave 
frequency u> Doppler-shifted by the E x B velocity. The balance yields insta
bility if fa and 4> differ; their difference is proportional to the E x B rotation 
frequency of the plasma relative to the conducting end wall. 

We analyze the mode using (electromagnetic) electron and multi-species 
ion fluid equations. The mode is electromagnetic (electrostatic) for u2

e/k\c2 >• 
(<K) 1. Equilibrium quantities are assumed to vary along B in a region of 
length I near the ends of the field line. The limit k^t -* 0 was discussed in Ref. 
6. In the electromagnetic limit, the linear eigenmode enaation is k\d2£/ds2 = 
-fc3.fi(fi - vt)/v2

A = 0 where w" is the ion diamagnetic frequency vA is the 
Alfven speed, and f = £ • e x (x = radial direction). The Bohm sheath bound
ary condition is d£/ds\d = ±iw£/vw where o" 1 = uliC,/k\c2c2

c, c, is 1 -4- -ysi 

times the sound speed, ftj is the coefficient for secondary electron emission, 
c,c is the electron sound speed, and the subscript d denotes evaluation at the 
sheath, s = Sd — ±L/2 where L is the field line length. Solving the radially 
local, kftl —• 0 limit of the dispersion relation an'', maximizing the growth rate 
over wavevector yields [6] a complex frequency « m = (c./Zi^JAi/^iD where 
A = d$o/dTed, $ is the equilibrium electrostatic potential, the subscript 0 de
notes the mid-field-line value, v = 22niC,£re/«oA£c, e, and JJ is a complex 
function of 6 = U^/UIEXB and KT = (1 + 7«)^Wj"<i/2no) l / 2f " J / 3 with 0 = 
plasma pressure/magnetic pressure at the sheath. The maximum occurs at 
wavenumber kv = km = (Uci/c,c)v1/3k(6,Kj) and kx = 0; for finite kx/kx, the 
maximum growth rate is reduced by (fcy/fcx)1'3. The parameter KT governs 
the importance of finite-parallel-wavemimber effects; for Kj- £ 3, multiple-/t|| 
harmonics have appreciable growth rates. Such is the case for reactor-class ma
chines {e.g. ITER) but not for machines the size of DIII-D. For Ky -> 0 (flute 
limit) and 6 -> 0, CI ss 0.55 + 0.38t and k ss 1.83. We estimate thermal diffusiv-
ity x from the mixing-length estimate Xmi = tow./^,. We note in particular 
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that Xml is sensitive to T e at the sheath and is thus increased by making the 
SOL less collisional. 

Important modifications can emerge from the fuiiteness of k^l. ID partic
ular the mode can tap the drive [7] resulting from axial shear in the E X B 
flow. For small but finite k^l, the frequency can be straightforwardly derived 
from perturbation theory; we find u ta u ( 0 ) - {(t/»„) + (8k$/du)[h - 0(1 + 
h)']}~1 ItM^ ~ k $ ) w h e r e t h e superscript <°> denotes the fc^ -» 0 re
sult, fy = (w - UBXD){W - WEXB - Ui)/VA' & = *|ro L/2> a n < ^ A = — tanS = 
^'0V"iufc||o • The result is an increase in the growth rate. The increment 
can dominate the overall growth rate, for large Kx (large fcji), in which case 
Iraw'°'/Reai' 0 ' is small. It also dominates for some versions of the gas-target 
divertor. In particular, it survives if plasma contact with the end wall is broken, 
but is sub-dominant if contact is retained but Te^/To —• 0 and either nj/no ~ 
const (pressure balanced by neutrals) or plasma pressure balance is approxi
mately maintained. An instability persists even for a field line with a single 
sheath (absorbing boundary conditions at the other end), in which case w' 0 ' is 
P'treiy real. Tien or he as above bat witb k = —i. 

The radial structure of the mode can be analyzed by restoring kx -* 
—id/dx. In particular, we can examine the penetration of the SOL mode into 
the closed-flux-surface "edge" region. If we impose periodic boundary conditions 
in the edge region but neglect shear as well as radial variations of U>EXB> «J and 
«?, it is straightforward to derive that a mode with wavemimber kv in the SOL 
decays exponetially with a skin depth fc"1 in the edge. The skin depth is some
what modified in the electrostatic regime and the functional form is differei t if 
shear is retained, but the qualitative conclusion is the same. 

We have also examined the role of an axially constant equilibrium parallel 
current j| |o, such as could be produced by biasing divertor plates. Parallel 
current corrections enter in two places: through a first derivative term in the 
eigenmode equation, and through an additional term proportional to £ • Vj'|i0 

in the boundary condition. In the flute MHD limit, the former correction is 
destabilizing, the latter stabilizing, and the two terms cancel in the dispersion 
relation. An effect persists at finite k\\L, which is very weakly stabilizing at the 
peak growth rate and moderately destabilizing at low k±. Hence, one might 
expect an increase in long wavelength fluctuations and increased transport with 
biasing (independent of the sign of the bias current). 

We have performed nonlinear analyses at several levels, including mixing-
length estimates, scaling analyses of the nonlinear equations, one-point renor-
malization calculations, and 2-D fluid simulations. These approaches all yield 
the same scaling in the limit where the basic equation set is justified [k±Lxe > 1]. 

We have developed a nonlinear fluid simulation model for the instability, 
which includes closed ("edge") and open (SOL) field-line regions and nonlineari-
tite from the E x B motion and the sheath boundary conditions. First results in 
2-D and with no gradients in n or T,- show saturated turbulence, clear evidence 
of the expected mode penetration into the edge, and indications of an inverse 
cascade of wave energy (toward long wavelengths). 

We combine the mixing-length diffu.ivity with perpendicular and parallel 
transport equations to obtain a self-consistent picture of the SOL. We have done 
this for a point model (calculating radially averaged quantities at mid-field line 
and at the sheath, and radial scale lengths), and a 1-D (radial) model, and have 
implemented Xml into the 2-D LEDGE code. The point model yields the scalings 
L?e a (AWW^P/nRyPB;1'2 and T* <x A^B^B^X^L;2'9 X 
(•P/n/Z)5/9, where Lp is the poloidally projected field line length and P is the 
power reaching the SOL. In these solutions A = T^o/Td is determined from the 
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! 
heat conduction equation. Results from the 1-D model confirm these scalings. 
Profiles from the 1-D model for a case with collisional decoupling of electrons and 
ions and flux-limited parallel loss of both species is shown in Fig. 2. Note that 
Tf is substantially broader than Tc\ this results from the substantially higher 
energy end loss per particle for electrons than ions. Accounting for the finite 
parallel heat conductivity of the ions would increase the disparity. The disparity 
is in qualitative agreement with results from DIII-D. 

An alternative, non-diffusive, transport picture for the edge and SOL entails 
minimizing equilibrium enstrophy for fixed energy. This is based on the observa
tion that 2-D nonlinear equations for the turbulence imply an inverse cascade of 
wave energy and thus no separation of equilibrium and turbulence scales. For a 
simple SOL model of a limited plasma with poloidal and toroidal symmetry (ex
cept for the limiter), the minimization yields * oc Tt oc exp[-(r — O)/LT], where 
L^2 entered as a Lagrange multiplier and r = a is the limiter tip. Thus thermal 
transport is solved up to two constants, $(a) and Lj-. Energy balance provides 
one relationship between them, much as in the conventional transport picture. 
A second relationship can be obtained from dimensional analysis, mixing-length 
arguments, a similarity solution, or renormalization group techniques. 

We have compared our theoretical predictions with equilibrium and fluctu
ation data from DIII-D and found a number of points of contact. The observed 
relative and absolute fluctuation levels of <j>, Tc, and n are at least roughly in 
accord with the theory, and the spectral shape is qualitatively consistent with 
an inverse cascade. The self-consistent transport models predict approximately 
the observed SOL parameters (the point model gives LTC *» 0.8 cm, Tea « 84 
eV, Tti « 13 eV for a nominal set of parameters). 

Extrapolation to ITER is complicated by its relatively large value of KT, 
implying contribution of multiple fc|| harmonics and small Im (Q)/iJe(U) (~ 0.1). 
In the absence of a detailed nonlinear theory for this case, we have constructed a 
range of nonlinear estimates, implying, for ITER Conceptual Design parameters, 
LTC * 1 _ 2 cm, which is broader than that inferred on the basis of the com
monly used coastant-x extrapolation. The more favorable result is attributable 
primarily to the relatively high equilibrium electric fields one would expect in 
the ITER SOL. 
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FIGURE CAPTIONS 

Fig. 1. Poloidal current and power to the inner and outer divertor plates as the 
outer plate bias voltage is varied for DIII-D Ohmic conditions. 

Fig. 2. Normalized profile plots from 1-D SOL model with mixing-length thermal 
and particle diffusivities. 
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