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Electron heat transport parallel to the magnetic field in thescrape-off layer plasma is investigated with the
use of a particle-in-cell code PARASOL. Coulomb collisionsare simulated correctly by a binary collision model.
The heat flux is lost by radiation cooling, in addition to the convection/conduction to the divertor plates. It is
confirmed for the collisional case that the conductive heat flux is given by the Spitzer-Härm expression. For the
long mean free path case, the conductive heat flux is limited to a factorαe of the free streaming value. It is found
thatαe is small (∼ 0.1 of the sheath-limited value) for the low radiation condition, but becomes large (∼ 1.0) for
the high radiation condition.
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1 Introduction

The divertor design in a tokamak reactor produces a sepa-
ratrix system with closed magnetic field lines surrounded
by open field lines terminating at the divertor plates. The
burning core plasma lies inside the separatrix and exhibits
good containment, though a large amount of heat is lost
by anomalous transport and ELMs across the separatrix to
the scrape-off layer (SOL). The heat in the SOL is carried
mainly by the parallel transport along the open magnetic
field lines to the divertor plates. Therefore, the SOL acts
as a mediator between the hot core and the solid divertor
plates.

Many features must be addressed in the SOL that are
absent in the core; the plasma can no longer be assumed to
be collisionless and strong parallel gradients develop that
negatively affect the containment. In order to reduce the
huge heat load on the plates, divertor simulation studies us-
ing fluid modelling are devoted to optimizing the divertor
configuration and operation scenario. However, assump-
tions regarding kinetic effects, such as boundary condi-
tions at the wall, heat conductivity, and plasma viscosity,
are significant liabilities for the fluid model and are typ-
ically addressed by introducing primitive approximations
[1, 2], which must be validated separately by full kinetic
modelling. This can be accomplished by particle methods
that suffer from large statistical errors or finite-difference
methods that suffer from inefficient phase-space coverage.
In this paper, electron heat transport parallel to the mag-
netic field in the SOL plasma is investigated with the use of
a particle-in-cell code PARASOL in which Coulomb colli-
sions are simulated correctly by a binary collision model.
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2 Parallel heat conduction

Parallel heat conduction by electrons is given by

qe =
me

2

∫
dv · V2V|| fe(x, v),

whereme is the electron mass,v is the velocity,V = v − u
is the velocity relative to the fluid velocityu, and fe(x, v)
is the phase-space distribution function. In a collisional
plasma, this evaluates to the Spitzer-Härm expression [3].

qS H = −neχ
S H
e ∇||Te χS H

e = 3.2vteλee (1)

wherene is the electron density,vte = (Te/me)1/2 is the
thermal speed,λee = vteτee is the thermal mean free path,
andτee ∝ v3

te is the electron-electron collision time. Since
χ has a strong dependence on thermal speed, which in turn
depends on particle mass, so the ion conduction is negligi-
ble. However, this expression is not general due to the pro-
portional relationship with the mean free path. The maxi-
mum heat flux in a collisionless plasma is the order of the
free-streaming flux

qFS = neTe
(
Te||/me

)1/2
. (2)

We wish to determine the collision-dependent behavior of
the heat flux, so as to replace it with a simpler expression
that retains resonable accuracy. The preferred method is
using the harmonic average form [1],

qe f f =

(
1

qS H
+

1
αeqFS

)−1

, αe = lim
λee→∞

q
qFS
, (3)

whereαe is the flux-limiting coefficient, i.e. the ratio be-
tween free-streaming and actual heat fluxes in the colli-
sionless limit. Since the Spitzer-Härm heat flux is propor-
tional to the mean free path, when the collisionality is high,
qS H ≪ αeqFS becomes small andqe ≃ qS H , but when
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Fig. 1 Diagram of PARASOL half-system showing the temper-
ature and heat flux profiles in the system withfrad = 0.5
andλm f p/L = 0.1. The divertor plate (navy) and radiation
(blue), intermediate (white), and source (yellow) regions
are marked.

the collisionality is low,qS H ≫ αeqFS becomes large and
qe ≃ αeqFS . A number of studies using kinetic simula-
tions have produced widely disparate values forαe, rang-
ing from 0.03 to 3 [2]. However, there has been little in-
quiry into the cause of this range of results, with the excep-
tion of an investigation of the effect of collisionality using
BIT1 [4]. In this study, we look at both collisionality as
well as temperature gradient by adjusting the particle mean
free path length and radiation loss from the SOL, respec-
tively.

3 Simulation model

PARASOL is a 1d2v electrostatic particle-in-cell model on
a closed domain with energy sources and sinks mirrored
across the midpoint. The plasma is free to move in the spa-
tial dimensions parallel to the separatrix magnetic field
(Fig. 1a), but approximated as homogenous in the perpen-
dicular directions. A hot ambipolar plasma source is in the
domain centers/L|| = [0.4, 0.5] to mimic diffusion from
the plasma core. Particles generated at the source are given
a thermal velocity distribution consistent with the temper-
ature of the particles already occupying the hot source re-
gion, essentially causing the core and SOL to equilibrate.
Ions that strike the divertor plate are reintroduced as a hot
ion-electron pair, maintaining a constant ion number in the
simulation. Due to the fact that electrons escape sooner
than ions, this leads to a slightly positive charge in the
plasma.

Energy loss occurs via a radiative loss region and flow
to the divertor plates. For this study, recycling at the di-
vertor has been deactivated and neutrals are ignored. The
divertor plate is set at an angleθ = 20◦ to the magnetic
field, such that the connection length is related to the sys-
tem length byL = θL||. The radiative energy sink lies be-
side the divertors/L|| = [0.01, 0.21] to simulate radiation
into the private plasma. During each time step, all elec-
trons occupying the radiation region lose a small fraction
of their kinetic energy with no change in direction. The
input parameterfrad = Qrad/Qtot specifies the ratio of the
radiative energy-loss flux to the total energy flux.

Fig. 2 Spatial variation profiles of conductive heat flux, poten-
tial, and electron density and temperature for plasma with
the following properties:
(red) low rad. frad = 0.1, collisionalλm f p/L = 10−2

(green) low rad.frad = 0.1, collisionlessλm f p/L = 102

(blue) high rad.frad = 0.5, collisionalλm f p/L = 10−1

(purple) high rad.frad = 0.5, collisionlessλm f p/L = 103

Coulomb collisions are treated using a binary colli-
sion model, where in each time step each particle is paired
with both an ion and another electron in the same cell,
and given a collision angle proportional to the length of
the time step. While the initial mean free path is spec-
ified as the input parameterλm f p0 ≡ 33/2λee, it evolves
with the local plasma density and temperature such that
λm f p/λm f p0 = (Te||/me)1/2(3Te/Te0)3/2. Ions progress in
time via a kinetic equation and electrons by a drift kinetic
equation. The ion gryo-radius is set toρi/L = 5×10−3, the
number of spatial cells to 800, and the number of particles
per cell to greater than 100. Except where specified, the
ion-electron mass ratio is alwaysmi/me = 1800.

4 Results

A cursory glance at the plasma profiles of high versus low
collisionality and high versus low radiation rates shows
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Fig. 3 Dependence ofαe in collisionless limit on radiationfrad.

Fig. 4 Dependence ofαe in collisionless limit on ion-electron
mass ratiomi/me. Mass ratio 3600 corresponds to a deu-
terium plasma.

that the heat flux changes drastically in the four cases (Fig.
2). The collisional cases (red and blue) exhibit large gradi-
ents in potential, density and temperature compared to the
collisionless cases (green and purple). They consequently
have much smaller heat fluxes. As is expected, increas-
ing the radiation causes the temperature and heat flux to
drop precipitously before the divertor plate, but actually
increases the rate of energy loss from the core plasma. In
the collisional plasmas, the thermal energy is equally par-
titioned between all three dimensions, such thatT || = T⊥,
whereas in the collisionless plasmas, the thermal energy is
equally partitioned parallel and perpendicular to the mag-
netic field, such thatT || = T⊥/2.

The PARASOL code has previously been used to de-
termineαe to be a relatively high value of 0.75 for an ion
electron mass ratio ofmi/me = 400 [5]. Our results show
that this falls within the range of possible values seen in
Fig. 4. The collisionless limitαe has a simple harmonic
form relationship with the radiation loss, growing from
near zero when there is no radiation to nearly one when
the energy reaching the divertor is negligible Fig. 3. The
point of transition shifts to higher radiation as the mass ra-
tio is increased, as Fig. 4 of ion-electron mass ratio depen-
dencemi/me shows. This shift occurs because high mass
ions are less prone to collisional effects, spend less time in
the radiation region, and therefore, the radiation becomes
effectively less.

While αe is defined as a collisionless limit without lo-
cal energy sources or sinks, we wish to check if Eq. 3 can
be used in the general case, as it often is. Therefore, the

Fig. 5 Dependence ofαe on mean free path by region. Each
point represents a poloidally-average over the indicated
region with error bars omitted for clarity.

dependence ofαe on position and collisionality is of inter-
est, with the results presented in Fig. 5. As expected,αe

always asymptotes to a constant value in the collisionless
limit. This limit does not appear to depend on position (and
hence energy balance) much, in keeping with the expecta-
tion that a sheath-limited plasma is almost uniform. The
collisional limit, on the other hand, strongly changes with
the local energy balance. In the source region,q ≃ qS H ,
which results in large errors in the calculated value of
αe. The intermediate region shows a radiation-independent
nearly linear growth withαe ∝ λm f p that results in a peak
when the mean free path is on the order of the connection
length. The radiation region exhibits similar linear growth,
except that high radiation produces a much more rapid in-
crease inαe than low radiation.

We wish to examine the validity of usingqe f f in Eq. 3
as a general substitute for the heat flux as calculated by
a fully kinetic simulation. Figure 6 shows the relation-
ship q/qe f f over a range of collisionalities and radiation
rates. Of course, the function converges to unity at the col-
lisionless limit because of the previous fitting to the free
parameterαe. However, without any fitting, the collisional
limit also correctly shows that the heat flux approaches the
Spitzer-Härm limitq → qS H . Unfortunately, as the func-
tion transitions from the Spitzer-Härm limit to the free-
streaming limit, the simple model deviates from the actual
heat flux. When the radiation rate is high, the match be-
tweenqe f f andq is acceptably within error. However, as
the radiation is reduced, such that particles become more
likely to pass from the radiation region back into the inter-
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Fig. 6 Ratios of measured heat flux to Spitzer-Härm limit,αe-
adjusted free-streaming limit, and effective heat flux (Eq.
3) for different radiation rates and measured in the inter-
mediate region. The values ofαe for each case are taken
from the results in Fig. 6.

mediate region, the ratioq/αeqFS alone rises above unity
for a moderate mean free path length. This result is due
to both a rise in the heat flux, as well as a reduction in the
free-streaming heat flux. This may be attributable to the
fact that the temperature gradient falls drastically with col-
lisionality in the high radiation case, but almost not at all
in the low radiation case.

5 Summary

Electron heat transport parallel to the magnetic field in the
SOL plasma is investigated with the PARASOL simula-
tion. It is confirmed that in the collisional case the conduc-
tive heat flux is given by the Spitzer-Härm expression. In
the collisionless case, conductive heat flux is limited to a
factorαe of the free-streaming value, withαe small (∼ 0.1
of the sheath-limited value) when little energy is lost to ra-
diation, but becomes large (∼ 1.0) when the radiation is
high. Outside these limits, the currently used model of the
conductive heat flux is an insufficient approximation forqe.
The model deviates strongly from the calculated results for
a moderately collisional plasma with low radiation. Behav-
ior in regions with energy sources or sinks also requires a
multiply-definedαe. Constraining usage of the model to
regimes that behave correctly is not practical, and there-
fore, a more robust model is required. Due to the relative

economy of system memory, a database lookup forqe as
a function of electron density and temperature may be the
most tenable solution.
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