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Abstract. A cross machine analysis of heat flux profile measurements has produced a 
particularly simple scaling law for the scrape-off-layer (SOL) width, going as 
Bp,mp
e with e ~ -1.0 where Bp,mp  is the poloidal magnetic field at the midplane. This 

result is in very good agreement with a model based on drift-induced transport. We 
are also developing a model that extends the kinetic ballooning mode pedestal 
paradigm to the separatrix and into the SOL. We have calculated the critical pressure 
gradient at the separatrix using the BALOO code and found that it scales 
proportionately with the measured pressure gradient. Using an improved high rep-rate 
and higher edge resolution Thomson scattering system on DIII-D, it is now possible 
to make detailed comparisons of scrape-off-layer (SOL) profile characteristics with 
the heat flux profile. We find that a two-point flux-limited model is in better 
agreement with measurements than a conduction-limited model.  

1. Introduction 

Parallel heat flux to material surfaces is a critical design parameter for next step 
devices such as ITER, FNSF, and DEMO. There are few predictive scaling relations 
for the parallel heat flux and these vary in their dependencies. Heat flux profiles on 
DIII-D obtained from IR thermography [1] under controlled conditions reveal that the 
heat flux width scales as Bp

!1 , essentially independent of all other physics and 
engineering parameters while the combined data of C-MOD, DIII-D, and NSTX [2] 
yields a stronger dependence of Bp

!1.5 .  

This result significantly reduces possible theoretical models explaining the physics 
setting the heat flux width. Two are of particular relevance. The first model posits that 
magnetic drifts carry particles into the scrape-off-layer (SOL) where they then flow 
into the divertor [3]. This model is in very good agreement with measurements [2]. 
The second model extends the kinetic ballooning mode (KBM) pedestal paradigm up 
to the separatrix and into the SOL. Evidence for this is that the critical pressure 
gradient computed from infinite-n ballooning mode theory scales proportionately with 
the measured separatrix pressure gradient.  
Accurately defining the separatrix location is thus an important issue as the values of 
temperature and density and their scale lengths evaluated at the separatrix are needed 
to make meaningful comparisons with theory. However, these quantities are very 
sensitive to position due to the rapidly varying profiles at the pedestal to SOL 
transition. Pedestal and SOL profiles of unprecedented detail are now obtained 
routinely on DIII-D with an upgraded Thomson scattering system. The system 
features both improved edge spatial resolution through an increase in the number of 
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channels and increased time resolution by increasing the number of lasers. The 
effective spatial resolution is further increased by modulating the plasma boundary at 
the point it intersects the Thomson chord.  
The new system has been employed to make detailed measurements of electron 
density and temperature profiles as plasma current and central density were varied. 
The fidelity of the measurements has enabled us to make careful comparisons with 
theory. Two-point models of parallel heat transport based on power balance provide a 
means of locating the separatrix. This type of analysis has been carried out for a pair 
of two-point models: a conduction-limited (Spitzer) model and a flux-limited model 
[4]. Here we find that the separatrix values of electron temperature and density have 
similar dependencies on the central density and plasma current, but the values of the 
separatrix density and temperature differ by up to a factor of 2.  
The relationship between the measured heat flux width and that derived from the two-
point models has also been explored. Comparison of the heat flux width with the 
conduction-limited and flux-limited widths reveals that the flux-limited estimate of 
the heat flux width is in better agreement than the conduction-limited estimate over 
the full range of our measurements.  
2. Heat Flux Width Measurements and Models 

Heat flux profiles on DIII-D are obtained using IR thermography [1]. The profiles are 
then fit to a two-parameter fitting function [5] in which one parameter characterizes 
the profile width in the private flux region, wpvt , and the second in the SOL, !sol . An 
integral width (integral of the profile divided by the peak) can also be obtained and is 
given approximately by !int ! !sol +1.64wpvt  [2]. Regression of !int against 
engineering and physics parameters yields a strong dependence on I p  with weaker 
dependencies on several other parameters (such as Bt  or Psol ). However, a 
particularly simple regression is obtained by considering !sol  rather than the integral 
width. In this case, the poloidal magnetic field at 
the mid-plane, Bp , alone is found to be as good or 
better an ordering parameter for !sol  than 
multiple-parameter fits of !int  involving I p . This 
is shown in Fig. 1 which plots !sol  versus Bp  
together with a power law scaling !sol, fit =CBp

e  
with e ~ -1. A power law scaling against I p  alone 
yields !sol = (2.67± 0.10)I p

!0.84±0.11  with 
R2 = 0.762 . 
The strong dependence of the SOL heat flux width 
with Bp  vastly restricts the possible models for 
transport in this region. There are two models in 
particular that strongly depend on Bp . The first is 
a heuristic model proposed by Goldston [3] in which magnetic field drifts carry 
particles across the separatrix into the SOL where parallel flows transport them to the 
divertor. The characteristic penetration depth into the SOL is of the order of the 

Fig. 1. Plot of !sol  versus 
Bp  

together with a power law scaling, 
!sol = C ! Bp

e
. 
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poloidal gyroradius. The DIII-D data is in very good agreement with this model as 
shown in Fig. 2 which plots the measured !sol  against !Goldston . 

An alternative model proposes that the edge 
pressure rises until an MHD mode, such as the 
kinetic ballooning mode, is destabilized, limiting 
further increases in the pressure as well as its 
gradient. This establishes a critical pressure 
gradient that extends up to the separatrix and, it 
is hypothesized, all the way into the SOL. Fig. 3 
shows evidence for this model. It is a plot of the 
measured pressure gradient at the separatrix 
versus the plasma current, I p . A proxy for the 
critical pressure gradient is obtained from the 
infinite-n ballooning limit, which is a good 
approximation when there is no second-stable 
access [6]. The critical gradient obtained in this 
way is also shown in Fig. 3.  
The measured electron and critical pressure 
gradients trend in the same way, but differ by 
50% in magnitude, which is well within the error 
bars of the measurement and simple ballooning 
model used. Better agreement is obtained if the 
ion pressure gradient is included assuming 
dTi / dR = dTe / dR . 

3. Profile measurements and power flow 

Profiles of electron density and temperature as a 
function of plasma current, IP , and normalized 
plasma density (Greenwald fraction, fG ) have 
been obtained using the recently upgraded 
Thomson scattering. An example of the 
pedestal/SOL portion of the electron density and 
temperature profiles, together with fits to the data 
(solid lines) is shown in Fig. 4 for low- and high-
central-density cases. Also shown are lines tangent to the point of maximum gradient 
in the pedestal (dotted lines). The slope of both the density and temperature profiles in 
the pedestal region is extremely linear. Lines asymptotic to the point of maximum 
slope are also shown. 
Power balance, based on two-point models of flux-limited and conduction-limited 
parallel transport [4], is used to infer the location of the separatrix. In the flux-limited 
model 

qflux-limited =!e
e
m
!

"
#

$

%
&
1 2

nT 3/2    , (1) 

where !  is a dimensionless constant with value ~ 0.3, e  is the electron charge, m  is 
the mass, n  is the density, and T  is the temperature. 

Fig. 2. Plot of !sol  versus !Goldston  
(from reference [3]) showing very good 
agreement between the two quantities. 

Fig. 3. Comparison of the measured 
electron pressure gradient at the 
separatrix and the infinite-n ballooning 
mode critical pressure gradient as a 
function of plasma current. The two 
quantities have a very similar 
dependence on I p . 
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Fig. 4. Comparison of profiles of electron temperature and density at low and high 
central density obtained with the upgraded DIII-D Thomson scattering system. Fits 
to the SOL portion of the profile (solid lines) and lines parallel to the point of 
maximum slope (dashed lines) are also shown. The pedestal density gradient 
increases, as indicated by the lines asymptotic to the point of maximum slope, with 
increasing central density while the temperature gradient remains nearly constant.  

 
For DIII-D, ions in the pedestal/SOL are found to always be in the flux-limited 
regime by virtue of their high temperature and consequent low collisionality (which is 
also lower than that of the electrons by me /mi ). Alternatively, for the conduction-
limited (Spitzer) model 

qcond-limited,e =!0eTe
5/2 dTe
d! ||

 

 !
2
7
!0eTe

7/2 / L||    , (2) 

where !0e  is a constant (!0e ! 2000 / Zeff ) and ! ||  is the parallel path length along a 
field line which is approximated by the connection length, L|| . Electrons may be in 
either the conduction- or flux-limited regimes dependent on their collisionality. The 
two-point models also provide a simple method for relating the heat flux width to 
profile scale lengths [7]. Their relation to the heat flux width can be found from Eqns. 
(1) and (2) and leads to the following relations 

!q,cond =
2
7
LTe    , (3) 

!q, flux =
1
Lne

+
3 / 2
LTe

!

"
##

$

%
&&

'1

   , (4) 

where Lne and LTe are gradient scale lengths of the density and temperature profiles 
evaluated at the separatrix.  
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In order to determine the separatrix location, Eqs. (1) and (2) are evaluated for the 
electrons as a function of radius using the measured profiles assuming that ½ the 
power through the SOL goes into the electron channel. Ions are neglected in the 
following for several reasons. First, the ion temperature profile is not known in the 
SOL. Attempts to linearly extrapolate the profile to zero based on its gradient at the 
separatrix or by fitting a tanh function to the pedestal portion of the profile yield very 
high temperatures far into the SOL. This in turn results a significant fraction of the 
power flowing through the ion channel and unrealistically low values for the 
separatrix electron temperature (< 10 eV). Alternatively, an exponential decay can be 
assumed, but the scale length is unknown and thus must be chosen arbitrarily.  
Two cases result: flux-limited and conduction-limited parallel transport for the 
electrons. Using the measured electron profiles, the total power through the SOL is 
computed as a function of major radius 

Pj (R) = A!qj ,e (R),  

 j = cond, flux    , (5) 

where A! is the plasma surface area. The point on each of the curves that equals the 
measured power through the scrape-off-layer, Psol , is used to establish the separatrix 
location for that model. Figure 5 plots the ratio of !q,cond  and !q, flux  evaluated at the 
separatrix to !sol, fit  where !sol, fit  is obtained from 
the scaling law of Fig. 1 (based on measurements). 
The flux-limited width is in better agreement with 
the measurements as the ratio is closer to unity 
(green horizontal line). 
Data has been obtained as a function of plasma 
current, I p , and central density as measured by the 
Greenwald fraction, fG , so that the dependence of 
ne,sep, j  and Te,sep, j  on these quantities can be 
derived. This is shown in Fig. 6, which plots 
ne,sep, j  and Te,sep, j  for conduction- (red circles) and 
flux-limited (blue squares) parallel heat transport 
versus I p  and fG  together with linear fits to 
selected data. The trends, when they exist, for the 
two cases are generally similar. The separtrix 
density increases with increasing plasma current, 
I p , for both models, which is to be expected as the 
confinement scales as I p . There is no clear trend for either model when the separatrix 
density is plotted versus fG . In contrast, the separatrix electron temperature is 
essentially independent of I p  but appears to decreases with fG . The predicted flux-
limited electron temperature is about twice as large as the conduction-limited electron 
temperature.  

Fig. 5. Plot of the ratios ! fit,sol / !cond  

(red circles) and ! fit,sol / ! flux  (blue 

squares) versus Bp  where ! fit.sol  is 
from the scaling law of Fig. 1. The 
flux-limited ratio is closer to unity 
(green line) than the conduction-
limited ratio.  
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The difference in the location of separatrix is 
not that great for the two models, being 
around 2-3 mm as shown in Fig. 7 which plots 
the difference as a function of the fG . 
However, this can make a difference of a 
factor of 2 in Te  (see Fig. 6). The conduction-
limited separatrix location is always at greater 
major radius than the flux-limited separatrix 
location. This results from the strong 
dependence of the conduction-limited power 
flow on Te , biasing the location to lower 
values of Te  and thus greater major radius. 

4. Summary 

The measured heat flux width is found to 
depend strongly on Bp  and is essentially 
independent of all other engineering and 
physics parameters. The dependence for DIII-

D is ~ Bp
!1  whereas for the joint data it is 

stronger going ~ Bp
!1.5 . There are few 

theoretical models that predict such a 
dependence. One is a heuristic drift-based 
model that is in very good agreement with the 
measured heat flux width. Another is a critical 
gradient model in which the critical gradient 
extends into the SOL. While the model is still 
incomplete, there is some experimental 
evidence supporting it, as the measured 
electron pressure gradient and infinite-n 
ballooning mode critical gradient have a 
similar dependence on the plasma current. 
The upgraded DIII-D Thomson scattering 
system makes detailed measurements of the 
pedestal and SOL profiles possible. This in 
turn has allowed us to make improved 
comparisons with a variety of theoretical 
models of the edge plasma. The simplest 
models considered are two-point models (flux-limited and conduction-limited) that 
relate power through the SOL to parallel heat transport in the SOL. These models 
yield predictions of the location of the separatrix and of the heat flux width. The flux-
limited model is in better agreement with the measured heat flux width. 
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Fig. 6. Plots of ne,sep, j  and Te,sep, j  versus 

I p  and fG  for both conduction- (red 
circles) and flux-limited (blue squares) 
parallel heat transport models. Linear fits to 
selected data (dashed lines) are also shown. 
Although clear dependencies on I p  and fG  
are not always observed, the predictions of 
the models are clearly differentiated.  
 

Fig. 7. Plot of the difference between the 
conduction- and flux-limited inferred 
location of the separatrix as a function of 
fG . The conduction-limited location is 

always as large major radius than that of 
the flux-limited model due to its strong 
dependence on Te . 
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