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The physics of parallel heat transport was tested in the scrape-off layer �SOL� plasma of the
National Spherical Torus Experiment �M. Ono et al., Nucl. Fusion 40, 557 �2000�; S. M. Kaye
et al., ibid. 45, S168 �2005�� tokamak by comparing the upstream electron temperature �Te� and
density �ne� profiles measured by the midplane reciprocating probe to the heat flux �q�� profile at
the divertor plate measured by an infrared camera. It is found that electron conduction explains the
near SOL width data reasonably well while the far SOL, which is in the sheath limited regime,
requires an ion heat flux profile broader than the electron one to be consistent with the experimental
data. The measured plasma parameters indicate that the SOL energy transport should be in the
conduction-limited regime for R−Rsep �radial distance from the separatrix location� �2–3 cm. The
SOL energy transport should transition to the sheath-limited regime for R−Rsep�2–3 cm. The Te,
ne, and q� profiles are better described by an offset exponential function instead of a simple
exponential. The conventional relation between midplane electron temperature decay length ��Te�
and target heat flux decay length ��q� is �Te=7 /2�q, whereas the newly derived relation, assuming
offset exponential functional forms, implies �Te= �2–2.5��q. The measured values of �Te /�q differ
from the new prediction by 25% –30%. The measured �q values in the far SOL �R−Rsep

�2–3 cm� are 9–10 cm, while the expected values are 2.7��q�4.9 cm �for the sheath-limited
regime�. We propose that the ion heat flux profile is substantially broader than the electron heat flux
profile as an explanation for this discrepancy in the far SOL. © 2008 American Institute of Physics.
�DOI: 10.1063/1.3043799�

I. INTRODUCTION AND BACKGROUND

The scrape-off layer �SOL� heat flux decay length at the
divertor target, �q, in tokamak plasmas is an important pa-
rameter related to the effective surface area over which
power from the core plasma is distributed in the heat strike
regions at the target. This impacts choices of target material,
shape, and the upper limit of the heat flux to avoid material
damage. Therefore, a thorough understanding of the trans-
port mechanisms that set �q is critical for the next generation
devices, such as ITER.1,2

There have been a number of efforts to scale experimen-
tally observed �q values with plasma operation parameters,
such as, n̄e, Bt, q95, and input power as well as to compare
them with theoretical models. Such early works were sum-
marized by Connor and Counsell3 which identified a group
of better fitting models against the experimental data. The
theoretical models are derived from choices of given physics
basis for perpendicular heat diffusivity, ��, and the use of
parallel and perpendicular power balance equations. Al-
though there have been several attempts4,5 to extrapolate fit-
ting results to future machines, there is still a strong need for
verification, improved experimental measurements, and a
theory-oriented approach for the extrapolation.

On the other hand, the dependence of �q on the upstream
plasma parameters is directly related to the parallel heat

transport process and can vary significantly with the SOL
plasma conditions due to different energy transport regimes.
It is the relationship of �q with temperature and density de-
cay lengths, �T and �n, that can shed light on the parallel heat
transport mechanisms and is the topic of investigation in this
paper.

The competition between parallel and perpendicular
transport processes determines the SOL cross-field scale
lengths. It is generally accepted that most of the target plate
heat flux can be explained by electron conduction in attached
plasmas and by ion convection during detachment,6,7 with
some noteworthy exceptions.8,9

In attached plasmas with electron conduction dominating
ion transport, heat transport parallel to the magnetic field can
be written as

q� � q�
e = − �0Te

5/2dTe

ds�

, �1�

where s� is the parallel coordinate and �0 is the electron
conduction coefficient. This equation can be integrated along
the SOL to give a well-known expression for the upstream
electron temperature, Te,u,
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Te,u � �7

2

q�Lc

�0
	2/7

, �2�

where Lc is the parallel connection length. This simplified
picture of SOL transport is referred to as the two-point
model, for which a detailed discussion can be found
elsewhere.10–12 Assuming further that the Te and q� profiles
are simple exponentials gives a simple relation between
power and temperature perpendicular decay lengths,

�Te,u = 7
2�q. �3�

This relation has been previously used, for example, to ob-
tain upstream Te from the measured target �q or to translate
�Te into the target �q.13,14

However, recent studies have shown that fast, intermit-
tent cross-field transport leads to flat Te and ne profiles in the
far SOL.15,16 The profile shapes then appear as exponentials
with a baseline offset, instead of simple exponentials. Recall
that the relation between �Te and �q given in Eq. �3� assumes
that parallel heat conduction dominates energy transport,
leading to simple exponential radial profiles. Thus the con-
sideration of intermittent radial transport and offset-
exponential plasma profiles will lead to a modification of the
relationship given in Eq. �3�. In the remainder of this paper
we will compare the experimental ratio of �Te /�q to that
given in Eq. �3�, and a new ratio based on offset exponential
profile forms.

II. RESULTS AND DATA ANALYSIS

A. Measurement of SOL plasma profiles

Experiments to obtain the ratio of plasma cross-field
scale lengths were performed in the National Spherical To-
kamak Experiment �NSTX� �Refs. 17 and 18� �R=0.85 m,
a�0.67 m, R /a�1.27� in lower single null �LSN� dis-
charges, with toroidal magnetic field, BT=0.5 T, plasma cur-
rent, Ip=0.8–1 MA, line average electron density n̄e=4.0
�1019 m−3, and neutral beam injected �NBI� power of
1 MW. Simultaneous measurements of the upstream Te and
the target q� profiles were made using a fast reciprocating
probe19 and infrared �IR� camera,20 respectively, in quiescent
H-mode plasmas with small, Type-V edge localized modes
�ELMs�.21 The fast reciprocating probe measures upstream
plasma parameters �17.3 cm below the midplane� across the
SOL with spatial resolution of 1–2 mm. The IR camera
measures tile surface emissivity, which is converted to tile
surface temperature from in situ calibration during baking of
the graphite tiles. The target heat flux profile is obtained from
a 1D solution of the conduction equation with temperature
independent thermal properties,22 with temporal resolution of
�33 ms and spatial resolution of �6 mm. The geometry of
the two diagnostics is shown in Fig. 1 as well as the mag-
netic equilibrium reconstruction for shot 125059. Data from
both diagnostics is mapped to the outer midplane using equi-
librium reconstructions.23,24

Figure 2 shows the time evolution of �a� plasma current
�Ip�, �b� line averaged density �n̄e�, �c� injected neutral beam
power �PNBI�, and �d� D� signal for lower divertor, for shot
125069 and indicates the time window during which probe

and IR measurements are taken. The L-H transition is indi-
cated by the D� drop at 190 ms, and the plasma stays in
H-mode until �430 ms. The small oscillations on D-alpha
are signatures of the Type-V ELMs. Note also the continuous
rise of the line-averaged density during this time period, a
common feature of NSTX H-modes. Note also the NBI
waveform: a relatively high power level of 4 MW was used

FIG. 1. �Color online� Magnetic equilibrium reconstruction of NSTX shot
125059 with various diagnostics channels overlaid.

FIG. 2. Time trace of various discharge parameters: �a� plasma current, �b�
line averaged density, �c� injected NBI power, and �d� D� signal for lower
divertor. The sky colored window indicates the time period of probe and IR
measurements.
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to trigger a reproducible L-H transition, and this power level
was reduced in steps as the target line-average density for the
reciprocating probe plunge was achieved.

The time dependent measurements during the probe
plunge are converted to spatial profiles using mapping based

on equilibrium reconstructions. In this manner, several ion
saturation current density �jsat

+ � profiles, as a function of R
−Rsep �mapped to the midplane�, are shown in Fig. 3 for four
nominally identical discharges. It is noted that the profiles
are quite reproducible, indicating that the SOL plasma char-
acteristics for these discharges are comparable. The dis-
charge with the deepest probe plunge was chosen for the data
analysis.

High spatial resolution profiles of Te and ne as measured
by the fast probe are shown in Fig. 4, as well as the heat flux
profile inferred from the IR camera emissivity data. Note that
we plot a different discharge from the ones in Fig. 3 because
the jsat

+ data are best for 125069 �see discussions in Sec. III�.
Systematic error bars on the heat flux measurements are dif-
ficult to estimate because of approximations in the conduc-
tion model and possible tile emissivity variations between
the in situ calibration and the experiment. However the sta-
tistical error bars are less than 10%. Also shown in Fig. 4 are
statistical error bars on the fits of Te, ne, and heat flux
profiles.

Notice that the Te profile in Fig. 4 shows a significant
scatter. This is believed to be due to the disturbance of small
ELMs and turbulent blobs to the SOL plasma during the
measurement. Specifically, the Te is essentially determined
by the slope of the I -V characteristic; small ELMs cause a
substantial temporary change to the slope, thus affecting the

FIG. 3. �Color online� Profiles of ion saturation current density �jsat
+ � as a

function of R−Rsep �mapped to the midplane�, from the fast reciprocating
probe measurement for four nominally identical shots with different maxi-
mum probe penetration.

FIG. 4. �Color online� Measured Te, ne �by fast reciprocating probe at z=−17.3 cm�, and qtarget �by IR camera at the lower divertor target� profiles, as well as
the calculated SOL electron-electron collisionality profile, with all profiles mapped to the midplane. The black fitting lines are from the offset exponential
function for the whole profiles, while the orange and blue lines are from the simple exponential function in the near and far SOL regions, respectively.
Statistical error bars on the decay lengths are also indicated.
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fitted Te values. In contrast, the ne is determined mostly by
the fitted ion saturation current value, which is less affected
by small ELMs. A more detailed discussion for the effect of
ELMs and turbulent blobs on the Te profile is given in
Sec. III.

The electron-electron collisionality �vee
* =Lc /�ee, where

�ee is the e-e mean free path, and Lc is the parallel connec-
tion length� in the upstream SOL region was calculated from
the Te and ne profile data and Lc calculated by LRDFIT mag-
netic equilibrium reconstruction,25 to determine the SOL heat
flow regime �i.e., conduction-limited, sheath-limited, or
detached�.

B. Categorization of SOL plasma regimes

It is seen from Fig. 4 that the plasma is strongly colli-
sional with vee

* of �30 near R−Rsep=0 and vee
* rapidly de-

creases away from the separatrix to �5 at R−Rsep=8 cm.
This indicates that the SOL plasma is in the conduction-
limited regime near the separatrix and in the sheath-limited
regime near the wall. Also, there are representative upstream
parameters,12,26 relating the upstream plasma conditions �Tu

and nu� to the conditions required for transition from the
conduction-limited regime to the sheath-limited or detach-
ment regimes given by


Tu
cond⇔sh � 3.2 � 10−9�nuLc�1/2, �4�


Tu
cond⇔det � 1.1 � 10−9�nuLc�1/2. �5�

These relations are plotted on a Teu versus �neuLc�1/2 plane in
Fig. 5 to show the boundaries of the various regimes, using
the same probe data shown in Fig. 4. The profile data indi-
cates that the near SOL plasma �R−Rsep�3 cm� should be in
the conduction-limited regime, while the far SOL plasma
�R−Rsep�3 cm� should be in the sheath-limited regime. One
implicit assumption here is that the radiation loss in the di-
vertor region is small. Divertor bolometry data, although
sparse, suggests a radiation loss in the divertor region of only

�70 kW compared to a total of �310 kW deposited on the
outer lower divertor plates as per the IR camera �see Sec.
II D for more detailed discussion�. We will therefore neglect
it for now, but come back to this point later.

C. Analysis of near SOL widths

We have established that the probe profile in the near
SOL is in the conduction-limited regime, and therefore Eq.
�3� relating the Te and q decay lengths should hold in this
region. We can now compare experimental IR camera data of
�q with midplane probe data �Te and ne�. One initial obser-
vation by examining Fig. 4 is that the Te, q, and ne profiles
do not follow a simple exponential decay, but have a long tail
in the far SOL region. The near SOL Te and q decay lengths
are obtained by fitting the data to a simple exponential func-
tion for 0�R−Rsep�2.5 cm, indicated by orange lines in
Fig. 4, yielding �Te=2.3 cm and �q=1.0 cm and therefore
�Te /�q=2.3. The expected ratio is 3.5 from Eq. �3�, i.e., the
difference is 34%. This indicates that the SOL profiles in this
region can be roughly described by classical transport pro-
cesses. The long tail in the far SOL region can be approxi-
mated as an offset in the exponential function, a=a0

+a1 exp�−R−Rsep /�a� which can be used to fit the Te, ne, and
q profiles �black solid lines in Fig. 4�. This alternate function
yields a shorter decay length in the near SOL region, as
compared to the simple exponential fit. The resulting �Te /�q

ratio of 1.52 is significantly smaller than the expected ratio
of 3.5. However, the 7 /2 ratio is based on the simple expo-
nential decay length for both Te and q. If we use the offset
exponential function for both Te and q profiles and apply it to
Eq. �2�, we obtain a new relation between �Te and �q,

�Te,u =
7

2
�q� Te,u − Te0

Te,u − Cq0Te,u
−5/2	 , �6�

where C= 7
2Lc /�0, Te0, and q0 are the offset Te and q values.

If we apply this relation to the near SOL region for the ex-
ample in Fig. 4, while taking Te,u as a line-averaged value,
Te,u=�Te�r�dr /�dr, the factor Te,u−Te0 /Te,u−Cq0Te,u

−5/2 is
0.59. Thus the expected �Te /�q ratio drops to 2.05, which is
in reasonable agreement with the measured value of 1.52
with the offset exponential fitting. The use of offset tempera-
ture and heat flux values, Te0 and q0, in the parallel conduc-
tion equation �Eq. �2�� can be interpreted as a representation
of relatively strong perpendicular convection.

The above analysis was completed for two additional
Type-V ELMy H-mode discharges with different plasma cur-
rents. Figure 6 shows a comparison of �Te /�q values between
the experiment and the conduction model for all three dis-
charges. It is seen that the experimental �Te /�q values are
generally smaller than those from the parallel electron con-
duction model. Simple exponential fittings for experimental
data produce average �Te /�q=2.67�0.81 cm, compared to
3.5 from the two-point model. Offset exponential fittings for
experimental data give average �Te /�q=1.63�0.13 cm,
compared to 2.25�0.26 cm from the modified two-point
model �Eq. �6��. In both cases, the experimental values are

FIG. 5. �Color online� Te,u vs �ne,uLc�1/2 for the NSTX SOL data shown in
Fig. 4, where Te,u and ne,u are “upstream” Te and ne values measured by the
reciprocating probe. The solid lines are given by a two-point model analysis
�Ref. 26�. Note that the NSTX upstream SOL plasma �at the midplane�
enters the sheath-limited regime at �2.5 cm away from the separatrix.
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25%–30% smaller than theoretical predictions, suggesting
that other processes may also play a role in parallel heat
transport in the near SOL.

D. Analysis of far SOL widths

The far SOL plasma �R−Rsep�2.5 cm� is in the sheath-
limited regime according to the conventional regime catego-
rization �see Fig. 5� and the electron and ion energy balance
equation, q�

e,i= 1
2ncs	s

e,ikTe,i, gives a simple relation between
various decay lengths in the sheath-limited regime,10,12 again
assuming a simple exponential decay length for each profile,

1

�q
e,i =

1

�ne,i
+

3

2�Te,i
. �7�

We can test this relation by fitting the Te, ne, and q pro-
files in the region R−Rsep�2.5 cm to the simple exponential
function, which yields �Te=12.7 cm, �ne=3.9 cm, and �q

=9.3 cm �shown in Fig. 4 with blue lines�. Equation �7�
above yields �q

e value of 2.7 cm. Although ion temperature
�Ti� is not measured for NSTX SOL plasmas, there is a ten-
dency of Ti

SOL�Te
SOL,27,28 and �Ti

SOL→
.12 This gives �q
i

value of 3.9 cm from Eq. �7�, assuming equal electron and
ion densities and therefore �ne=�ni. As the measured IR heat
flux is a combination of electron and ion contributions �q�

=q�
e+q�

i�, �q is �q
e ��q��q

i . It is therefore expected that
2.7��q�3.9 cm. The actual measurement is �q=9.3 cm, a
factor of 2.4–3.4 longer than the expected value. Further-
more, the conduction limited regime would predict a �q

value of 3.6 cm �Eq. �3�� in the far SOL, again a factor of 2.6

smaller than the measured value. All the results for the near
and far SOL widths for shot 125069 �Fig. 4� are summarized
in Table I.

There are several possible explanations for the long �q

observed in the far SOL. The first concerns the model used to
infer heat flux from IR camera emissivity measurements. The
IR camera technically measures surface thermal emission,
which is converted to temperature from a calibration during
an in situ bake of the graphite tiles. There could be differ-
ences in the tile surface film characteristics from the time of
the bake to the plasma experiments, due to plasma-wall in-
teractions and/or surface coating of the graphite by boroni-
zation to improve plasma performance. Comparison of daily
standard discharges indicates that this effect is minor at the
outer strike point, typically a region of high heat flux and net
erosion. Another possibility to consider for the IR heat flux
data is that the 1D conduction model used to convert surface
temperature to heat flux is oversimplified, in that temperature
independent thermal properties are used and radial conduc-
tion across the tile face is neglected. The latter effect would
indeed lead to a higher temperature in the far SOL than an-
ticipated with the 1D conduction model, giving the appear-
ance of a high heat flux. Simple estimates for ATJ™-type
graphite have suggested that such 2D effects become impor-
tant for time scales on the order of �2 s,22 i.e., much longer
than the �50 ms of this experiment.

Second, we consider the impact of core and divertor ra-
diation on the measured heat flux profile, and conclude that
radiative heating of the tiles is unlikely to lead to the long
decay lengths measured in the far SOL. In concept, if the
heat flux due to radiation were comparable to parallel heat
flow, it would cause a longer �q than the expected from the
two-point model �Eq. �7��. The NSTX divertor bolometer
currently has three vertically resolved channels in the
X-point region as shown in Fig. 1; radial resolution of the
radiating region is not possible with this system. To estimate
radiative heating effect on the outer lower divertor tile, we
assume two cases of radiating shell �see Fig. 7�: �1� Take the
X-point as the radial location of the emitting volume in order
to take an average over inner and outer divertor legs.29,30

This is a generally conservative assumption because the ra-
diation from the inner divertor region is generally stronger
than from the outer, as measured in several unpumped di-
verted tokamaks.31 �2� Take the outer leg as a solely respon-
sible radiating region. This is regarded as an even more con-
servative assumption in order to see the “upper limit” of the
radiation effect on the IR heat flux profile. Also assumed is
that the radiation shell has a uniform radiation power over its
entire surface for both cases. Taking account of toroidal ex-

FIG. 6. �Color online� Near SOL �Te /�q from the experiment and electron
conduction model for three different discharges. Note that experimental val-
ues tend to be smaller than values from the conduction model by 25%–30%.

TABLE I. �Te /�q ratio for the near SOL and �q for the far SOL, for shot 125069 in Fig. 4.

Measurement by fitting to profile Prediction from two-point model using

Simple
exponential

Offset
exponential

Simple
exponential

Offset
exponential

�Te /�q in near SOL 2.30�0.11 1.52�0.08 3.5 2.05

�q in far SOL 9.3�0.7 cm ¯ 2.7–3.9 cm ¯
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tension of the radiation shell, these assumptions yield a di-
vertor radiated power of �70 kW. At most 50% of this
power would be incident on the outer side, out of which at
most 50% would go to the lower side. We thus expect that
not more than 25% of the total radiated power would be used
to heat the outer lower divertor tile, i.e., �18 kW. We then
estimate the heat flux profile due to this radiation power,
based on the average distance of the radiating shell from
each radial point on the tile surface. This analysis leads to a
heat flux profile decreasing with the distance from the sepa-
ratrix toward the wall, i.e., 33 kW /m2 at the separatrix and
�5 kW /m2 at R−Rsep=8 cm. In addition, the core bolom-
eter indicates a total of 160 kW of radiated power. However,
only �5% of the total radiation is expected to go to the outer
lower divertor tiles from solid angle considerations, which
corresponds to �8 kW. This could be incident on the outer
lower tile with surface area �1.3 m2, leading to a heat flux
of �6 kW /m2. In sum, the radiative heat flux profile from
the divertor and the core would be only less than 10% of the
measured IR heat flux profile over the entire SOL. If we
subtract this radiative contribution from the total heat flux
profile and refit the profile, we obtain �q=9.2 cm �case 1
above� and �q=8.5 cm �case 2�, similar to the uncorrected
�q=9.3 cm. Therefore, the radiative tile heating is not
thought to be the cause of the observed discrepancy.

The third possibility is that the ion heat flux to the target
significantly exceeds the electron heat flux in the far SOL.
Here both the ion density and temperature scale lengths
would have to substantially exceed the electron scale lengths
in the far SOL, which would imply the breakdown of
quasineutrality. If the ion density decay length is longer than
the measured �q, i.e., �ni�9.3 cm, we can see that �q

i will be
�q

i �9.3 cm �from Eq. �7�, assuming �Ti→
�. As was shown
above, �q is �q

e ��q��q
i , this can lead to a large �q as is

observed experimentally. However, currently there is no ion
density data for the NSTX SOL plasmas, and this conjecture
needs to be investigated with new diagnostics in the future.

Lastly, we consider the possibility of fast ion contribu-
tion to the heat flux profile, for example, from the injected
neutral beam. This could, in principle, produce a very broad
heat flux profile and contribute to the observed long tail in
the far SOL. The beam ion orbit dynamics in NSTX usually

does not allow for a significant fraction of ions to be directly
lost to the target, but is lost and transfer energy around the
midplane through collisions.32 It would then reach the target
via parallel transport. If the fast ion contribution is indeed
significant, it would produce a difference in the heat flux
profile between just before and after an NBI power switch.
Our present IR camera is not ideal for this investigation be-
cause of its rather slow temporal resolution ��33 ms�. How-
ever, as one IR time frame presently covers only on the order
of one beam slowing down time, we expect that the power
from the core plasma across the separatrix would not be very
different and any difference in the heat flux profile between
two consecutive IR time frames with the NBI power switch
time centered would be due to the contribution from the fast
ions. IR heat flux profiles have been investigated for such
shots and are shown to be very similar. Therefore, it does not
appear that the fast ion species contributes to the broad heat
flux profile in the far SOL at least for our present IR mea-
surement with 33 ms temporal resolution.

III. EFFECT OF ELMS AND TURBULENT BLOBS
ON THE PROFILE COMPARISON

As discussed in Sec. II A, the Te profile in Fig. 4 shows
a significant scatter due to the effects of ELMs and blobs on
the raw I -V characteristic curves. We have investigated the
effect of these transients on the Te profile by comparing pro-
files from Thomson scattering �TS� and the probe. �Te from
the TS measurement �=0.7 cm� is shorter than the one from
the probe measurement �=1.1 cm� by a factor of �1.6. This
is believed to be caused by the difference in the temporal
resolution between the two diagnostics. The TS is an instan-
taneous measurement and therefore catches an ELM or tur-
bulent blob only when its line of sight intersects with the
ELM/blob filament. On the other hand, the swept probe mea-
surement is continuous and is affected by filaments more
substantially because of its higher probability of catching
them during the sweeping period of 0.25 ms. Therefore, the
probe measurement conceptually represents the “time-
averaged” Te profile and includes the effect of ELM/blob
filaments, leading to a longer �Te. On the other hand, the TS
measurement mostly misses the ELMs and blobs, except in
the “very near” SOL �0�R−Rsep�1 cm� where ELMs/blob
filaments are commonly present, and represents the inter-
ELM Te profile for R−Rsep�1 cm. This leads to a shorter
�Te shown in plot �b� of Fig. 8.

We have further investigated this issue by eliminating
the effect of ELMs and blobs on the probe Te profile, by
removing the affected portions from the raw I -V curve data.
This was made easier by making use of Isat

+ data from a
separate Isat

+ probe which is constantly biased to −170 V. By
comparing the swept probe data with the Isat

+ probe data, we
could determine the ELM affected portions to be removed
from the raw I -V curve data. The probe Te profile then be-
comes much less scattered and narrower with �Te=0.6 cm,
very similar to the �Te=0.7 cm from the TS measurement.
This is shown in plot �a� of Fig. 8.

The time frame of the IR measurement, however, is
33 ms and thus averages over these ELMs and turbulence.

FIG. 7. �Color online� Geometry of simplified divertor radiation zones as-
sumed to estimate contribution of the radiation power to the measured IR
heat flux profile.
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Note that comparison between the upstream Te SOL width
and the target heat flux SOL width presented in this paper
was made by using the Te measurement from the probe and
the heat flux measurement from the IR camera. Therefore,
the issue of comparing Te and heat flux profiles during and
between ELMs and turbulent blobs has not been fully ad-
dressed. That is, a fluctuating Te profile due to these transient
phenomena should be compared with the corresponding heat
flux profile. This is particularly important because of the
strong dependence of the parallel heat flux on Te to the 7 /2
power, which makes obtaining the average Te profile appro-
priate for comparison to the heat flux profile a nonlinear
problem when we include transient data in the measured pro-
files. In order to address this problem more appropriately we
need a measurement of Te and heat flux profiles on fast time
scales. A fast IR camera with measurement frequency of up
to 20 kHz is being prepared for use in the near future. This is
anticipated to be able to resolve the issue more precisely.

IV. SUMMARY AND CONCLUSIONS

The �Te /�q ratio in the near SOL �R−Rsep�2.5 cm� was
measured by fitting the profile data to: �1� a simple exponen-
tial and �2� an offset exponential, with values of 2.29 and
1.52 obtained from those functions, respectively. The base-
line value of the offset exponential profile can be interpreted
as a result of fast radial intermittent transport. The above
ratios are relatively close to calculations from a simple par-
allel heat conduction model, the so-called two-point SOL
model, which predict values of 3.5 and 2.05 for the simple
and offset exponential profiles, respectively. The remaining
discrepancy might be due to measurement errors or oversim-
plifying assumptions in the two-point model such as negli-

gible parallel convection and equal electron and ion tempera-
tures. In fact, the assumption of Ti=Te can be inaccurate and
Ti /Te�2 or so is often found in the SOL.33,34 However, due
to the very large electron conduction coefficient ��0e

�2000 for hydrogenic plasmas� compared to the ion ��0i

�60�, ions with Ti=2Te would only conduct parallel heat
flux a factor of �1 /6 smaller than the electrons along the
SOL, assuming the same parallel gradient of Te and Ti �Eq.
�1��. Therefore, the contribution of parallel ion conduction to
the total heat flux is expected to be small.

In the far SOL, we calculate the heat transport to be in
the sheath-limited regime. The Te, ne, and heat flux profile
data are fitted to a simple exponential form �excluding the
near SOL�, obtaining that the measured �q is 9.3 cm, while
the expected from the two-point model is 2.7��q�3.9 cm,
i.e., the measurement being a factor of 2.4–3.4 larger than
expected. The reason for this discrepancy is unclear and the
subject of future work, although our estimates suggest that
2D conduction across tile surfaces, radiative heat flux to the
tile surfaces, and contribution from the fast ion components
to the heat flux profile are unlikely to result in the large
measured values of �q. In principle, a significantly longer ion
heat flux scale length than the electron scale length perhaps
combined with long �ni and �Ti could lead to a large �q as
observed.
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FIG. 8. �Color online� �a� �Te with and without ELMs from the probe measurement, �b� �Te from the probe measurement without ELMs and from the TS
measurement. Here, probe data “without ELMs” means that the ELM affected portions of the I -V characteristics curve were removed before the fitting
process.

122507-7 The role of parallel heat transport in the relation… Phys. Plasmas 15, 122507 �2008�

Downloaded 20 Mar 2009 to 198.35.3.144. Redistribution subject to AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp



1ITER Physics Basis Editors, Nucl. Fusion 39, 2137 �1999�.
2ITER Physics Basis Editors, Nucl. Fusion 47, S1 �2007�.
3J. W. Connor, G. F. Counsell, S. K. Erents, S. J. Fielding, B. LaBombard,
and K. Morel, Nucl. Fusion 39, 169 �1999�.

4W. Fundamenski, R. A. Pitts, G. F. Matthews, V. Riccardo, and S. Sipila,
Nucl. Fusion 45, 950 �2005�.

5J-W. Ahn, G. F. Counsell, and A. Kirk, Plasma Phys. Controlled Fusion
48, 1077 �2006�.

6A. W. Leonard, M. A. Mahdavi, S. L. Allen, N. H. Brooks, M. E. Fen-
stermacher, D. N. Hill, C. J. Lasnier, R. Maingi, G. D. Porter, T. W. Petrie,
J. G. Watkins, and W. P. West, Phys. Rev. Lett. 78, 4769 �1997�.

7J. A. Boedo, G. D. Porter, M. J. Schaffer, R. Lehmer, R. A. Moyer, J. G.
Watkins, T. E. Evans, C. J. Lasnier, A. W. Leonard, and S. L. Allen, Phys.
Plasmas 5, 4305 �1998�.

8B. LaBombard, M. V. Umansky, R. L. Boivin, J. A. Goetz, J. Hughes, B.
Lipschultz, D. Mossessian, C. S. Pitcher, J. L. Terry, and the Alcator
Group, Nucl. Fusion 40, 2041 �2000�.

9B. LaBombard, M. Greenwald, R. L. Boivin, B. Carreras, J. Hughes, B.
Lipschultz, D. Mossessian, C. S. Pitcher, J. L. Terry, S. J. Zweben, and
Alcator C-Mod Team, Fusion Energy 2002, Proceedings of the 19th Inter-
national Conference, Lyon, France �IAEA, Vienna, 2002�.

10M. A. Mahdavi, J. C. DeBoo, C. L. Hsieh, N. Ohyabu, R. D. Stambaugh,
and J. C. Wesley, Phys. Rev. Lett. 47, 1602 �1981�.

11K. Borrass, Nucl. Fusion 31, 1035 �1991�.
12P. C. Stangeby, The Plasma Boundary of Magnetic Fusion Devices �Insti-

tute of Physics, Bristol, 2000�.
13A. Kallenbach, N. Asakura, A. Kirk, A. Korotkov, M. A. Mahdavi, D.

Mossessian, and G. D. Porter, J. Nucl. Mater. 337–339, 381 �2005�.
14W. Fundamenski, S. Sipila, and JET-EFDA contributors, Nucl. Fusion 44,

20 �2004�.
15J. A. Boedo, D. L. Rudakov, R. A. Moyer, G. R. McKee, R. J. Colchin, M.

J. Schaffer, P. G. Stangeby, W. P. West, S. L. Allen, T. E. Evans, R. J.
Fonck, E. M. Hollmann, S. Krasheninnikov, A. W. Leonard, W. Nevins,
M. A. Mahdavi, G. D. Porter, G. R. Tynan, G. D. Whyte, and X. Xu, Phys.
Plasmas 10, 1670 �2003�.

16D. L. Rudakov, J. A. Boedo, R. A. Moyer, P. C. Stangeby, J. G. Watkins,
D. G. Whyte, L. Zeng, N. H. Brooks, R. P. Doerner, T. E. Evans, M. E.
Fenstermacher, M. Groth, E. M. Hollmann, S. I. Krasheninnikov, C. J.
Lasnier, A. W. Leonard, M. A. Mahdavi, G. R. McKee, A. G. McLean, A.
Yu. Pigarov, W. R. Wampler, G. Wang, W. P. West, and C. P. C. Wong,
Nucl. Fusion 45, 1589 �2005�.

17M. Ono, S. M. Kaye, Y.-K. M. Peng, G. Barnes, W. Blanchard, M. D.
Carter, J. Chrzanowski, L. Dudek, R. Ewig, D. Gates, R. E. Hatcher, T.
Jarboe, S. C. Jardin, D. Johnson, R. Kaita, M. Kalish, C. E. Kessel, H. W.
Kugel, R. Maingi, R. Majeski, J. Manickam, B. McCormack, J. Menard,
D. Mueller, B. A. Nelson, B. E. Nelson, C. Neumeyer, G. Oliaro, F.
Paoletti, R. Parsells, E. Perry, N. Pomphrey, S. Ramakrishnan, R. Raman,
G. Rewoldt, J. Robinson, A. L. Roquemore, P. Ryan, S. Sabbagh, D.
Swain, E. J. Synakowski, M. Viola, M. Williams, J. R. Wilson, and NSTX
Team, Nucl. Fusion 40, 557 �2000�.

18S. M. Kaye, M. G. Bell, R. E. Bell, S. Bernabei, J. Bialek, T. Biewer, W.
Blanchard, J. Boedo, C. Bush, M. D. Carter, W. Choe, N. Crocker, D. S.
Darrow, W. Davis, L. Delgado-Aparicio, S. Diem, J. Ferron, A. Field, J.
Foley, E. D. Fredrickson, D. A. Gates, T. Gibney, R. Harvey, R. E.
Hatcher, W. Heidbrink, K. Hill, J. C. Hosea, T. R. Jarboe, D. W. Johnson,
R. Kaita, C. Kessel, S. Kubota, H. W. Kugel, J. Lawson, B. P. LeBlanc, K.

C. Lee, F. Levinton, R. Maingi, J. Manickam, R. Maqueda, R. Marsala, D.
Mastrovito, T. K. Mau, S. S. Medley, J. Menard, H. Meyer, D. R.
Mikkelsen, D. Mueller, T. Munsat, B. A. Nelson, C. Neumeyer, N.
Nishino, M. Ono, H. Park, W. Park, S. Paul, T. Peebles, M. Peng, C.
Phillips, A. Pigarov, R. Pinsker, A. Ram, S. Ramakrishnan, R. Raman, D.
Rasmussen, M. Redi, M. Rensink, G. Rewoldt, J. Robinson, P. Roney, A.
L. Roquemore, E. Ruskov, P. Ryan, S. A. Sabbagh, H. Schneider, C. H.
Skinner, D. R. Smith, A. Sontag, V. Soukhanovskii, T. Stevenson, D.
Stotler, B. Stratton, D. Stutman, D. Swain, E. Synakowski, Y. Takase, G.
Taylor, K. Tritz, A. von Halle, M. Wade, R. White, J. Wilgen, M. Will-
iams, J. R. Wilson, W. Zhu, S. J. Zweben, R. Akers, P. Beiersdorfer, R.
Betti, T. Bigelow, M. Bitter, P. Bonoli, C. Bourdelle, C. S. Chang, J.
Chrzanowski, C. Domier, L. Dudek, P. C. Efthimion, M. Finkenthal, E.
Fredd, G. Y. Fu, A. Glasser, R. J. Goldston, N. L. Greenough, L. R.
Grisham, N. Gorelenkov, L. Guazzotto, R. J. Hawryluk, J. Hogan, W.
Houlberg, D. Humphreys, F. Jaeger, M. Kalish, S. Krasheninnikov, L. L.
Lao, J. Lawrence, J. Leuer, D. Liu, N. C. Luhmann, E. Mazzucato, G.
Oliaro, D. Pacella, R. Parsells, M. Schaffer, I. Semenov, K. C. Shaing, M.
A. Shapiro, K. Shinohara, P. Sichta, X. Tang, R. Vero, D. Walker, and W.
Wampler, Nucl. Fusion 45, S168 �2005�.

19J. A. Boedo, “Scanning probe for the National Spherical Torus Experi-
ment,” Rev. Sci. Instrum. �submitted�.

20R. Maingi, C. E. Bush, R. Kaita, H. W. Kugel, A. L. Roquemore, S. F.
Paul, V. A. Soukhanovskii, and NSTX Team, J. Nucl. Mater. 363–365,
196 �2007�.

21R. Maingi, K. Tritz, E. D. Fredrickson, J. E. Menard, S. A. Sabbagh, D.
Stutman, M. G. Bell, R. E. Bell, C. E. Bush, D. A. Gates, D. W. Johnson,
R. Kaita, S. M. Kaye, H. W. Kugel, B. P. LeBlanc, D. Mueller, R. Raman,
A. L. Roquemore, and V. A. Soukhanovskii, Nucl. Fusion 45, 264 �2005�.

22C. J. Lasnier, D. N. Hill, T. W. Petrie, A. W. Leonard, T. E. Evans, and R.
Maingi, Nucl. Fusion 38, 1225 �1998�.

23L. L. Lao, Nucl. Fusion 25, 1611 �1985�.
24S. A. Sabbagh, S. M. Kaye, J. Menard, F. Paoletti, M. Bell, R. E. Bell, J.

M. Bialek, M. Bitter, E. D. Fredrickson, D. A. Gates, A. H. Glasser, H.
Kugel, L. L. Lao, B. P. LeBlanc, R. Maingi, R. J. Maqueda, E. Mazzucato,
D. Mueller, M. Ono, S. F. Paul, M. Peng, C. H. Skinner, D. Stutman, G. A.
Wurden, W. Zhu, and NSTX Research Team, Nucl. Fusion 41, 1601
�2001�.

25J. E. Menard, private communication �2007�.
26S. K. Erents, P. C. Stangeby, B. Labombard, J. D. Elder, and W. Funda-

menski, Nucl. Fusion 40, 295 �2000�.
27H. Y. Guo, Contrib. Plasma Phys. 36, S81 �1996�.
28R. A. Pitts, Contrib. Plasma Phys. 36, S87 �1996�.
29S. F. Paul, R. Maingi, V. Soukhanovskii, S. M. Kaye, and H. W. Kugel, J.

Nucl. Mater. 337–339, 251 �2005�.
30S. F. Paul, private communication �2008�.
31A. W. Leonard, C. J. Lasnier, J. W. Cuthbertson, T. E. Evans, M. E.

Fenstermacher, D. N. Hill, R. A. Jong, W. H. Meyer, T. W. Petrie, and G.
D. Porter, J. Nucl. Mater. 220–222, 325 �1995�.

32D. Darrow, private communication �2008�.
33A. Kirk, W. Fundamenski, J.-W. Ahn, and G. F. Counsell, Plasma Phys.

Controlled Fusion 45, 1445 �2003�.
34A. Kirk, G. F. Counsell, W. Fundamenski, J.-W. Ahn, D. Taylor, M. J.

Walsh, Y. Yang, and the MAST Team, Plasma Phys. Controlled Fusion
46, 1591 �2004�.

122507-8 Ahn et al. Phys. Plasmas 15, 122507 �2008�

Downloaded 20 Mar 2009 to 198.35.3.144. Redistribution subject to AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp

http://dx.doi.org/10.1088/0029-5515/39/12/301
http://dx.doi.org/10.1088/0029-5515/47/6/S01
http://dx.doi.org/10.1088/0029-5515/39/2/304
http://dx.doi.org/10.1088/0029-5515/45/8/024
http://dx.doi.org/10.1088/0741-3335/48/8/003
http://dx.doi.org/10.1103/PhysRevLett.78.4769
http://dx.doi.org/10.1063/1.873168
http://dx.doi.org/10.1063/1.873168
http://dx.doi.org/10.1088/0029-5515/40/12/308
http://dx.doi.org/10.1103/PhysRevLett.47.1602
http://dx.doi.org/10.1088/0029-5515/44/1/003
http://dx.doi.org/10.1063/1.1563259
http://dx.doi.org/10.1063/1.1563259
http://dx.doi.org/10.1088/0029-5515/45/12/014
http://dx.doi.org/10.1088/0029-5515/40/3Y/316
http://dx.doi.org/10.1088/0029-5515/45/10/S14
http://dx.doi.org/10.1088/0029-5515/45/4/007
http://dx.doi.org/10.1088/0029-5515/38/8/209
http://dx.doi.org/10.1088/0029-5515/41/11/309
http://dx.doi.org/10.1088/0029-5515/40/3/301
http://dx.doi.org/10.1088/0741-3335/45/8/305
http://dx.doi.org/10.1088/0741-3335/45/8/305
http://dx.doi.org/10.1088/0741-3335/46/10/005

