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Why Do We Care about the 
Scrape-Off Layer (SOL) Width?
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The width of the scrape-
off layer, q, determines 
the parallel heat flux,

which determines the 
heat flux to the target,

and the plasma 
temperature at the target:

 
q =

PSOL B Bp( )
4πRλq

 q⊥ , Tar = q sinα

 q = γ nTarTTarcs, Tar



Outline

• Heuristic Drift (HD) Model 

• Implications for Heat Flux & Impurity Flows

• Near-LCFS Heat flux in Limiter Plasmas

• Possible Connection to Greenwald Limit
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What Sets the SOL Width?
Standard Analysis for Turbulence Models

  or
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 τ  = qR cs

 τ  = qR( )2 2χ
Parallel Confinement:

+ Turbulent Cross-Field     
    Diffusion:

 

λ = 2χ⊥τ 

= χ⊥ qR( )2 χ

λ = 2χ⊥qR cs

  or

Conduction

Convection
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Strongly Shaped Diverted Plasma (!= 1.8) 
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     HD Model Width Set by Magnetic Drifts
Non-Standard Analysis:
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!

• Vertical drifts cross separatrix into SOL

• Parallel flows connect SOL to divertor at 
~ cs/2, consistent with experiments and a simple 
flow picture, setting a density channel width:

•  Implies Pfirsch-Schlüter flow also ~ cs/2

• Edge Te  (= Ti ) is determined by anomalous 
electron thermal conduction across the 
separatrix, balanced by Spitzer parallel electron 
thermal conduction, within n.

• Gives a closed-form, absolute (heuristic) prediction:

 λn ≈ v∇B+curvBτ  ≈ 2v∇B+curvBL / cs ≈ 2 a R( )ρp
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Measured Particle Loss in DIII-D
H-Mode Equals Drift Loss

the radial particle flux associated with the gas puff is 900 A,
greater than the rate at which gas is injected. Note that there
is a significant decrease in the electron temperature at the
separatrix when the radial particle flux increases because of
the gas puff. This has significance in the core confinement,

FIG. 5. Temporal response of the separatrix temperature �a⇥ and radial par-
ticle flux at the separatrix �b⇥ to a 730 A D2 gas puff starting at 2800 ms.

FIG. 3. Temporal variation of separatrix plasma parameters for discharge 89 840. We show the electron density at the separatrix �a⇥, the electron temperature
at the separatrix �b⇥, the components of the heating power �c⇥, the effective thermal diffusivity �d⇥, the neutral pressure measured in the private flux region �e⇥,
and the particle flux across the separatrix �f⇥.

FIG. 4. Estimate of the ratio of particle diffusivity to thermal diffusivity
obtained by comparing the particle flux across the separatrix with the rate of
rise of the particle content at the L- to H-mode transition.
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Assume that 1/2 of 
magnetic drift flux returns to 
plasma via Pfirsch-Schlüter 

flow, and 1/2 is lost.

DIII-D

⇒  τ p =
πBRaκncore
2 Tsep e( )nsep

Gives 375 msec for JET,
70 msec for C-Mod.

Iloss =
2nsepTsep
RB

2πR2a
2

G. Porter
6



× / ÷ 1.25

HD Model Fits Measured q’s Well
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Data ~ 1.6 a R( )ρp

~ HD Model /1.25

T. Eich

Measured divertor heat flux profile is fitted 
to convolution of exponential (q) with 

Gaussian, and mapped to outer midplane.

Projection to ITER ~ 1 mm
(not counting Gaussian)



Individual Scalings Fit Model

8

T. Eich
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Outline

• Heuristic Drift (HD) Model 

• Implications for Heat Flux & Impurity Flows

• Possible Connection to Greenwald Limit

• Near-LCFS Heat flux in Limiter Plasmas

9



10

nOMP = 3.310
19m−3 = n / 3

 

fDiss
≡ 1− q, Target q,OMP

 

q, Target = 2.75GW m2

q⊥ , Target = 100MW m2
 

q, Target = 275MW m2

q⊥ , Target = 10MW m2

T (T
ar

ge
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TOMP, eVTTarget , eV

Need High Dissipated Power in ITER
(Transport, Radiation, CX) 

 q ,OMP = 5.5GW / m 2

λq = 1mm

2-pt Model
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Narrow SOL Gives 
Strong Classical Impurity Flows

• Gradient scale lengths are short, so friction between ion 
diamagnetic currents is large, causing radial ion exhange.

• High-Z impurities (e.g, C, W) driven strongly inwards for z = D

• Low-Z impurities (e.g., Li) driven weakly inwards by friction 
with D+, outwards by friction with higher-Z for equal ’s.

Calculations for NSTX
Outer Midplane Conditions
        (no ∇Ti contribution)

F. Scotti



Outline

• Heuristic Drift (HD) Model 

• Implications for Heat Flux & Impurity Flows

• Near-LCFS Heat-flux on Inner-Wall Limiters

• Possible Connection to Greenwald Limit
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T-10 Pumped Limiter
Chankin, 1987

Careful ~ logarithmic shaping to match expected 
heat flux reveals narrow near-LCFS feature

(Not so visible on “unoptimized” rounded limiters!)
13

A. V. Chankin et al. / Thermal load of a scoop limiter 191 

energy flux which may be written 

P,,(Y) =P,,(O)F(Y), Y = r- =, (3) 

where F(y) is shown in fig. 4. An analysis of the 
thermocouple readings for the same series yields a mean 
decay length of the energy flux I- 0.8 cm, which is in 
line with fig. 4. 

Within the series of h-variation the value obtained 
for p,,(O) proved to be rather high (13.8 kW/cm’). 
Discharges of the type used (a = 26.5 cm, q(u) - 2, 
ii, = 3.5 X 1019 mm3) have been found earlier to cause a 
high limiter load [4]. Nevertheless, in the present experi- 
ment the maximum temperatures reached were rela- 
tively low in compliance with the flat limiter surface. 
This data is: 1030” C (h = 2 cm), 810°C (h = 1.5 cm), 
620” C (h = 1 cm), 555 o C (h = 0.5 cm). They are to be 
compared with more than 2500°C obtained under simi- 
lar conditions and a limiter with ‘p = 30 o [5,6]. 

The observed deviation from the exponential law of 
energy flux decay may be the result of a non-exponen- 
tial 7”-profile in the scrape-off. Typically the electron 
temperature falls steeply near the limiter radius and 
remains constant further outside [8,9]. A behaviour of 
the energy flux similar to fig. 4 was reported from 
TEXTOR and discussed by the author in terms of an 
exponential decay [lo]. 

The total power absorbed by the limiter, P,;,, has 
been calculated by integrating (3) over the flux tubes in 
the limiter shadow. Figs. 5 and 6 show the dependence 
of the ratio a = P&( Pi, - Prad) on the mean electron 
density G, and on q(u). Here Pi, is the ohmic input 
power and Prad the toroidally uniform part of the 
bolometrically measured power loss. The results are 
similar to previous ones [4]. 

The arrows in fig. 5 indicate discharges which pre- 
sumably are dominated by homogeneous runaway heat- 
ing of the electron-drift side of the limiter. In these 

I 

(r- a)/cm 

Fig. 4. Experimentally determined function F( r - a) describ- 
ing the radial decay of the energy flux in the scrape-off (dashed 

part by extrapolation). 

I 
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Fig. 5. a = Pli,/( Pi, - Pra,& versus line averaged density 6, 
fora=28cm,q-2.5andh=lcm. 

cases our power calculation underestimates the power 
lost to the limiter. As can be seen from fig. 5, a 
decreases sharply at a point, where the mean electron 
density ii, reaches the critical value iI, - 4.5 x lOi 
rne3. In the same density region a Langmuir probe 
located far away from the limiter showed a step-like 
increase in scrape-off layer density (fig. 7) and no 
change in electron temperature. 

A model which predicts the critical mean density Z, 
as the onset of a local state of limiter self-shielding was 
discussed in [4]. The now established simultaneous in- 
crease of the density distant from the limiter indicates 
that this state may be non-local, like a detached plasma 
[11,12]. 

The power ratio a, as a function of q(u), increases 

I 

3 

q(a) 

Fig. 6. (I versus safety factor q(a) for a = 28 cm, iic - 3.5 x 
lOI mm3 and h -1 cm. 

T-10, TEXTOR and JET Limiter Plasmas Show 
Narrow Heat Flux Feature near LCFS

Scrape-o↵ layer properties of ITER-like limiter start-up plasmas in JET 18
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Figure 12. (a) Inferred parallel heat flux profile derived from the IR measurement
on the IWGL 8Z as a function of rmid. The colour bar indicates the field line angles
on the limiter surface. Note that 93o < ✓n < 95o, which means that the field lines are
never perfectly tangential to the limiter (✓n = 90o). The data points are fitted with
Equation (3). The definition of the residual, �qk is shown in the inset box (zoom into
the near SOL part of the plot). (b) Residuals from the fit function as a function of the
field line angle on the limiter surface, JPN80836.

limiter crown, which provides a cancelling divergence in ds/drmid, where s represents

distance along the divertor surface.

Even if this model reproduces quantitatively the enhanced heat flux that we observe,

there are two major assumptions that we are unlikely to fulfil in our experimental

conditions:

(i) The SOL must be in conduction-limited regime ignoring spatial density variation

and assuming Spitzer-like parallel heat di↵usivity: �k / T

5/2
e and Bohm-like

perpendicular heat di↵usivity: �? / Te

(ii) The temperature at the limiter face is assumed to be Te = 0.

In other words, it requires a strong parallel temperature gradient, which is an unlikely

condition for the SOL of JET limiter plasmas. Preliminary analysis of Langmuir probes

(LP) embedded into the inner limiter show that the maximum electron temperature is

at least of 28eV (when the RCP measures 38eV) at the closest position to the LCFS

(for an ohmic plasma at Ip = 2.5 MA). This model is therefore unlikely to explain our

observation.

The alternative is to explore the funnel e↵ect described in [8] but it requires some

modifications. There are two key assumptions in this model that do not apply for the

JET case:

(i) The model is developed for a blunt-nose limiter, where magnetic field line are

perfectly tangential to the limiter surface.

(ii) The model describes the particle flux, , which is equivalent to the heat flux in sheath

limited conditions where transport is purely convective. not the heat flux.

JET Inner-Wall Limiter
Arnoux, 2013



The Narrow Feature Resulted in Melting

JET Inner Wall Limiter was 
carefully designed for 1cm q

Shows melting 
near the crown

14



COMPASS Installed a Dedicated Test Limiter
Tiltable between Shots!

Demonstrated that the 
narrow feature responds to 
limiter angle
 
⇒ Not cross-field transport

    to the limiter surface

Caveats:
• Feature not seen on OWL.
• Seen sometimes on probes.
• Non-ambipolar currents?

R. Dejarnac, J. Horaçek,
M. Komm, R. Panek,

P.C. Stangeby, P. Vondraçek

∝ sinα
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Narrow Limiter Feature ~ HD Model

• Limiters have slightly higher Te1/2 due to sheath-limited ⇒ wider than HD

• But also faster flow due to low local re-ionization ⇒ narrower than HD

J. Horaçek
G. Arnoux
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T-10 T-10 data had high 
field and low q = 2.



Outline

• Heuristic Drift (HD) Model 

• Implications for Heat Flux & Impurity Flows

• Near-LCFS Heat-flux in Limiter Plasmas

• Possible Connection to Greenwald Limit
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α SOL ≡
Rqcyl

2 2 n 3( )TSpitzer
λq,exp pol

Bt
2 2µ0( )

Measured q + Spitzer Te + nsep ≈ n/3 
⇒ MHD Ballooning Drive Rises with n/nGW

• Data (and model) give   
 depending almost 
exclusively on fGW, 
without invoking 
ballooning physics.

• Does the ballooning 
drive in the SOL kick in 
at high fGW causing the 
density limit?

MHD ballooning drive:

T. Eich

 α SOL α

Scatter largely due 
to exp’tal vs HD q.
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C-MOD Data Show Little Variation in  
at Fixed fGW, as Predicted by HD Model

B. LaBombard
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heat flux profiles show an overall increase, as expected.
However, the gradient scale lengths of pressure (knTe) and
parallel heat flux (kq== ) are reduced as current is increased.
Figure 12 examines this behavior in more detail. An approxi-
mately 1=Ip dependence of kq== and knTe is found. This result
is interesting; it makes contact with the !1=Ip scaling seen
in the e-folding lengths of EDA H-modes (Sec. III), despite
the fact that the plasmas are in completely different confine-
ment regimes.

B. Upstream pressure profiles and normalized
gradients

Figure 13 shows the corresponding behavior of upstream
plasma conditions: electron pressure profiles (nTe), their gra-
dients ( rnTej j), and their normalized gradients (amhd). amhd

is the MHD ballooning parameter evaluated as
amhd ¼ 4 l0 q2

95 R rnTej j=B2 in MKS units. It is important to
note that the parametric responses seen here are virtually
identical to those observed at the outer divertor target: Elec-
tron pressure profiles are robustly insensitive to a factor of 2
change in toroidal magnetic field at fixed current. When
plasma current is doubled at fixed !ne=nG, plasma pressure
increases and pressure gradient scale lengths in the near SOL
become shorter.

Particularly interesting is the response of the normalized
pressure gradients. At fixed plasma current, amhd is robustly
invariant to changes in magnetic field, a simple consequence
of the electron pressure profiles being unchanged. But when
plasma current is doubled, pressure gradients roughly quad-
ruple. This response is just what is needed to hold amhd

roughly fixed—another remarkable behavior.

In order to explore these trends more fully, values of
amhd and knTe at the outer midplane were measured and
tracked for the entire set of ohmic L-mode discharges created
for the study. Figure 14 shows the result. These quantities
are evaluated at a location 2 mm outside the LCFS and plot-
ted versus !ne=nG. Also shown on the abscissa are approxi-
mate values of parallel collisionality, m#== ¼ p R q95=kei. Here
kei is the electron-ion mean free path evaluated from mid-
plane parameters (2 mm location). These data reveal that the
!1=Ip scaling of knTe is restricted to low collisionality
regimes where the divertor is in a low-recycling or sheath-
limited state. As collisionality is raised and the plasma enters
into a high recycling regime, this scaling is at first dimin-
ished and then lost. In particular, knTe in the low current plas-
mas (0.55 MA) become smaller while knTe in the high
current plasmas (1.1, 1.2 MA) become larger. Just prior to
the onset of divertor pressure loss and associated detachment
physics, knTe are statistically indistinguishable, hovering
around !2.3 mm. Since our experimental program was re-
stricted to attached regimes, we did not track the behavior
beyond this point.

FIG. 12. (Color online) Parallel heat flux and pressure decay lengths at the
divertor target plate for a series of ohmic L-mode plasmas in which the
strike-point was swept across embedded Langmuir probes. The e-folding
lengths are evaluated at the location of 4 mm into the SOL, mapped to the
outer midplane (see coordinate axis in Fig. 10). The e-folding lengths are
found to scale approximately as 1/Ip for this range of normalized central
plasma densities (0.1<!ne=nG< 0.25).

FIG. 13. (Color online) Information on midplane electron pressure profiles
obtained from multiple plunges of a scanning Langmuir probe. Discharge
conditions correspond to those presented in Figs. 10–12. Approximately five
probe scans are performed for each condition; average profiles with corre-
sponding 1-sigma statistical error bars shown. The behavior of the SOL pres-
sure profiles is consistent in detail with the response seen at the divertor
plate: a factor of 2 increase in toroidal field at fixed current produces no
change, while pressure profiles (top panel) and pressure gradients (middle
panel) increase with plasma current. Also pressure gradient scale lengths
tend to decrease with increasing current (top panel). As noted in previous
studies (Refs. 9, 10), there is an overall tendency for pressure gradients near
the last-closed flux surface to be “clamped” at a fixed value of the MHD bal-
looning parameter, regardless of engineering parameters (bottom panel).
Conditions at the 2 mm location (gray band) are explored in Fig. 14 over a
wider range in !ne=nG.

056104-11 Scaling of the power exhaust channel in Alcator C-Mod Phys. Plasmas 18, 056104 (2011)
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These Same Data Show  Rises Strongly 
with fGW – as Predicted by HD Model
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of the electron pressure profiles being unchanged. But when
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for the study. Figure 14 shows the result. These quantities
are evaluated at a location 2 mm outside the LCFS and plot-
ted versus !ne=nG. Also shown on the abscissa are approxi-
mate values of parallel collisionality, m#== ¼ p R q95=kei. Here
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C. Connections to marginal stability transport
paradigm

Perhaps the most important observation that has come
out of the ohmic L-mode data set is the behavior seen in the
bottom panel of Fig. 14. Despite the factor of 2 variation in
current and field, the boundary layer plasma organizes itself
in such a way as to keep amhd approximately invariant for a
fixed value of parallel collisionality. This behavior has been
noted before9 and tested for its sensitivity to magnetic topol-
ogy and associated edge plasma flow conditions.10 The data
presented here separately verify the result and extend the ob-
servation to a larger range of fields and currents. In addition,
the measurements at the divertor plate (Figs. 10 and 11), in-
dependently confirm this plasma response and show that it is
directly connected to the scaling of the divertor heat flux
footprints observed in the attached plasma regimes.

The tendency for the plasma to organize itself in this
way is broadly consistent with models for electromagnetic
fluid drift turbulence45–49 which, among other things,

identify amhd and plasma collisionality as key parameters
that control the level of turbulence and transport in the
boundary layer. The overall idea is that transport in the vicin-
ity of the LCFS increases sharply when amhd exceeds a
threshold value, acrit, and that this critical value has a strong
dependence on parallel collisionality, acritðm"==;…Þ. As a con-
sequence of the critical-gradient dynamic, plasma intermit-
tently “spills” onto the open field lines of the SOL where
flute-like instabilities take over: curvature drift causes a
dipole-like polarization of the resulting plasma “blobs,” lead-
ing to a rapid E$B convection outward in major radius on
the low-field side.50–52 Thus the parametric dependence of
acrit is the key physics component since it sets the boundary
layer profiles; amhd tends to be “clamped” at that value. This
overall picture is consistent with the heat flux footprint
observations, which identify plasma current as the dominant
external control parameter and magnetic x-point topology
(LSN versus DN) as relatively insignificant.

It should be pointed out that the collisionality depend-
ence of acrit shown in Fig. 14 is slightly different than what
was identified in earlier work.10 The previous study found
the dimensionless ratio q2

95R=kei as providing good align-
ment of the data in the two-dimensional phase-space (amhd,
collisionality), while the new data suggest that the relevant
dimensionless grouping is simply q95R=kei, i.e., the parallel
collisionality shown in Fig. 14. The reasons for this differ-
ence are unknown at the present time. However, the new
data in Fig. 14 were taken over a wider range of q95, which
should provide a more stringent test of the collisionality nor-
malization. In addition, the data quality from the horizontal
scanning probe has since been improved with installation of
advanced probe head geometries and upgraded data acquisi-
tion systems.

Clearly, more work needs to be done on both the experi-
mental and theoretical fronts to fully explain the relation-
ships uncovered here, including the %1=Ip scaling of knTe

that appears at low collisionality. The results reported in this
paper are just a part of the ongoing experimental effort that
is aimed at unfolding this physics.

VI. SUMMARY

An extensive array of divertor heat flux instrumentation
was recently installed in Alcator C-Mod with the aim of
improving the understanding of boundary layer heat trans-
port. Over the past year, a series of dedicated experiments
were performed to map out the parametric dependences of
divertor heat flux footprints (peak q==, kq) over a wide range
of engineering parameters (toroidal field, plasma current,
input power, density) and to examine their relationships to
plasma conditions in the boundary layer and core. Three sep-
arate experimental investigations were performed: (1) EDA
H-modes, (2) plasmas with dynamically varied magnetic
x-point topology, and (3) ohmic L-modes, all under attached
divertor conditions so as to provide a clear measure of the
power exhaust channel.

C-Mod’s heat flux footprints in EDA H-modes are found
to exhibit a two zone structure: a narrow power channel near
the separatrix of %2 mm wide and a tail that extends into the

FIG. 14. (Color online) Upstream electron pressure decay lengths (top
panel) and MHD ballooning parameter (bottom panel) at a location 2 mm
outside the last-closed flux surface, tracked as a function of normalized dis-
charge density, !ne=nG. The approximate value of miplane parallel collision-
ality, v*

jj, evaluated at the 2 mm location, is also shown. The corresponding
divertor state is noted. The data points represent average values from a num-
ber of probe scans; error bars indicate typical 61 standard deviation in the
data sample. Smooth curves shown in the top panel are spline fits to the full
set of data points. The strong %1/Ip dependence of pressure decay length at
low collisionality is found to diminish as the collisionality is raised. Never-
theless, normalized pressure gradients (amhd) tend to cluster around a value
of this quantity, acrit, which appears to be predominantly a function of paral-
lel collisionality and is statistically independent of plasma current and toroi-
dal field.
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HD Model + MHD Limit
⇒ fGW ~ 1 Limit

• Assume p/p’ = q,HD , get T from Spitzer

• Assume nsep = n/3

• Assume 

• Solve for fGW,crit  ≣ (n/nGW)crit
 
α ≡

Rqcyl
2 2n 3( )TSpitzer

λq,HD Bt
2 2µ0( ) =α crit = Cα 1+κ

2( )ν

fGW , crit = 24.4 a
PSOLBtqcylR

⎛

⎝⎜
⎞

⎠⎟
5

Zeff + 4
⎛

⎝⎜
⎞

⎠⎟
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

1/8
2A
1+ Z( )

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

9/16

Cα 1+κ
2( )ν−3/2

• Numerical value is of order unity

• Weak dependence on everything but A and 

• Myra et al. (PP8.38) find  ~ 0.4 for n = ∞ ballooning mode 
at separatrix, at small <>. We know  plays a big role.

• See also Makowski et al. (UP8.36). Need ∇pi data.
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• A very simple “Heuristic Drift” model is consistent with 
divertor heat-flux data.

• Need to test model in 2-D edge codes, include high flow, 
determine role of radial, poloidal electric fields. 

• Classical radial impurity flows to be added to 2-D edge codes? 
• Implies need for highly dissipative ITER divertor.

• Transport, radiation, charge-exchange. 
• Narrow, high-heat-flux layer on Inner-Wall Limiters 

~ consistent with HD model prediction.
• Greenwald (and/or H-mode) density limit may be 

caused by MHD ballooning drive in the SOL.
• Need more detailed SOL measurements, especially ∇pi. 

• Tokamak plasmas seem to be surrounded by q ~ 
magnetic drift speed • poloidal sound transit time. 
The consequences can be significant.
                  

Conclusions
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Field Line Integral gives  = (2a/R)p

Express  ~ <vd>|| as the time integral of 
from mid-plane (MP) to x-point.

 
Δψ p =

vcurv+∇B ⋅

∇ψ p( )

MP

X−pt

∫
dl
cs 2

= 2
cs

v
curv+∇B

⋅
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∫
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4Tsepa
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λ = 4a
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1 + Z( )
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≈ 2aR ρp

             ion drift                        electron drift

λ =
Δψ p
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=
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In H-Mode: Magnetic Drift Flux 
≥ Turbulent Flux
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flux -Fturb was evaluated using f f ' t u rb  = (RePr)= 
<~Eo/Bt> where fi~ is the root-mean-square (rms) elec- 
tron density fluctuation amplitude, Eo is the rms poloidal 
electric field fluctuation amplitude, B t is the toroidal mag- 
netic field and the (} denote an ensemble average [9]. 
These local measurements on the outboard midplane do 
not account for poloidal variations which would result 
from any ballooning character to the turbulence [10] and 
which are expected to be greatest in ohmic and L-mode 
plasmas [11]. 

To determine whether or not there are any regimes in 
which turbulent particle transport is unimportant in the 
edge, we correlate particle confinement and edge profile 
gradient variations with variations in the turbulence and 
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Fig. 1. Radial variation of, top to bottom, the electron density n e 
and temperature T~ profiles, the rms fluctuations amplitudes 
h e / n  e and e~r/kT~ and the turbulent radial particle flux ~turh 
in the ohmic and ohmic H-mode portions of a single discharge. 
The profiles are plotted with respect to the magnetic separatrix 
location calculated by EFIT [13], A R -  R -  Rse p. 
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Fig. 2. Radial variation of, top to bottom, n~, T~, h c / n  e, e ~ r / k T  ,. 
and ~tturb in the L-mode and ELM-free H-mode portions of a 
single discharge in DII1-D. 

associated transport at and just inside the separatrix. Pro- 
files of the electron density n e and temperature T~, the 
normalized fluctuation amplitudes fie/n and e@/kT~ and 
the turbulent particle flux Ftu,. b are shown in Figs. I -3  for 
ohmic and ohmic H-mode, L and ELM-free H-mode and 
ELMy H and (ELM-free) VH-mode respectively• The 
ELMs in H-mode (Fig. 3) were 30 ms apart, with 3 ELMs 
during the profile measurement. Since the I~, t increase 
during each ELM exceeded the power supply capability, 
data during the ELMs was removed, and the resulting 
profile between ELMs is plotted• Changes in the edge 
profile and turbulent transport parameters are summarized 
in Table 1. 

~turb is reduced on the outboard midplane l0 X in 
ohmic H-mode relative to the ohmic phase (Fig. 1). Both 
the ne profile (4 X ) and the T~, profile (3 X ) steepen• This 
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<~Eo/Bt> where fi~ is the root-mean-square (rms) elec- 
tron density fluctuation amplitude, Eo is the rms poloidal 
electric field fluctuation amplitude, B t is the toroidal mag- 
netic field and the (} denote an ensemble average [9]. 
These local measurements on the outboard midplane do 
not account for poloidal variations which would result 
from any ballooning character to the turbulence [10] and 
which are expected to be greatest in ohmic and L-mode 
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and ~tturb in the L-mode and ELM-free H-mode portions of a 
single discharge in DII1-D. 

associated transport at and just inside the separatrix. Pro- 
files of the electron density n e and temperature T~, the 
normalized fluctuation amplitudes fie/n and e@/kT~ and 
the turbulent particle flux Ftu,. b are shown in Figs. I -3  for 
ohmic and ohmic H-mode, L and ELM-free H-mode and 
ELMy H and (ELM-free) VH-mode respectively• The 
ELMs in H-mode (Fig. 3) were 30 ms apart, with 3 ELMs 
during the profile measurement. Since the I~, t increase 
during each ELM exceeded the power supply capability, 
data during the ELMs was removed, and the resulting 
profile between ELMs is plotted• Changes in the edge 
profile and turbulent transport parameters are summarized 
in Table 1. 

~turb is reduced on the outboard midplane l0 X in 
ohmic H-mode relative to the ohmic phase (Fig. 1). Both 
the ne profile (4 X ) and the T~, profile (3 X ) steepen• This 
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Cs/2 Flow ~ Consistent with 3pt Model 

• fu  ≣ upstream source to SOL / total source to SOL ~ 1/4

• fT ≣ Ttarget/Tupstream ~ 1/10     •  Mx = Mach number at X-point

•  Lower fu  (better plugging) tends to be tied to lower fT    
 (colder divertor target) ⇒ Mx ~ self-regulating P. Stangeby

Mx =
fT
f 2u
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Strongly Shaped Diverted Plasma (!= 1.8) 

#3738�

1

2
3

between outer divertor and outer midplane. The
reduced Mach number in the outer midplane might
indicate that the stagnation point is closer to the
MEM position. At low density the Mach numbers
in the outer midplane and in front of the inner
divertor are in the same range while at higher den-
sity the Mach number increases strongly towards
the inner divertor.

4. Parallel plasma flow in upper single null H-mode

The shape of the H-mode discharges in upper sin-
gle null (USN) configuration is shown in Fig. 1
(right). The USN allows to change the direction of
Bt and helicity on a shot to shot base due to flat
divertor targets. All discharges were performed with
Ip = 0.8 MA, jBtj = 2 T, q95 = 4.2, two densities
ne = 6.6 · 1019 m!3 and ne = 8.0 · 1019 m!3 corre-
sponding to fGW = 0.65 and fGW = 0.8, NBI and
ICRH heating of PNBI = 5 MW and 2–2.5 MW.

Fig. 5 shows the parallel flow measured at the
outer midplane in different scenarios (two densities
fGW = 0.65, fGW = 0.8 and Bt = +2 T, Bt = !2 T).
Different symbols in one graph indicate data from
different discharges with identical parameters (up
to three discharges and five strokes included). The
flow profiles agree well although the discharges were
performed in two campaigns with different probe
heads. So, the results are robust. For Bt = +2 T
the ion ~B"rB drift is towards the active divertor.
M > 0 indicates a parallel flow directed towards
the HFS and inner divertor. The vertical solid line
represents the innermost position which is likely
affected by a short Lc to the tip measuring j!, the
broken one the outermost position where this tip
is connected kB to the inner upper divertor. In
between the two lines the tip is connected to the
outer lower divertor. For ne = 0.65nGW the flow is
away from the upper outer divertor and radially
increasing towards the separatrix. The situation
corresponds to the LSN discharges. However, M
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Fig. 3. Electron pressure profiles at the position of the LPS probe and the divertor probes mapped to the outer midplane. MEM probe
measurements are available for #21305 only. The left hand side shows the low density (fGW = 0.2) discharge #21305, the right picture
#21326 which was at fGW = 0.43.
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Fig. 4. Comparison of toroidal flow at the LPS position and parallel flow at the main chamber LFS mapped to the outer midplane for
#21305 at fGW = 0.2 (left) and #21326 at fGW = 0.43 (right).
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(Also strong flows in AUG
H-mode near x-point.) L-Mode data only27


