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Electron heat transport parallel to the magnetic field in the scrape-off layer plasma is investigated with the
use of the particle-in-cell code PARASOL. Coulomb collisions are simulated correctly by a binary collision
model. The heat flux is lost by radiation cooling, in addition to convection/conduction to the divertor plates. It is
confirmed for the collisional case that the conductive heat flux is given by the Spitzer-Héarm expression. For the
long mean free path case, the conductive heat flux is limited to a factor . of the free streaming value. It is found
that a. 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 separatrix system with closed magnetic field lines sur-
rounded 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 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 in
the plasma profiles that negatively affect the containment.
In order to reduce the huge heat load on the plates, diver-
tor simulation studies using fluid modelling are devoted to
optimizing the divertor configuration and operation sce-
nario. However, assumptions regarding kinetic effects,
such as boundary conditions at the wall, heat conductivity,
and plasma viscosity, are significant liabilities for the fluid
model and are typically 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 paral-
lel to the magnetic field in the SOL plasma is investigated
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with the use of the particle-in-cell code PARASOL [3,4]
in which Coulomb collisions are simulated correctly by a
binary collision model [5].

2. Parallel Heat Conduction

Parallel heat conduction by electrons is given by

ge = '"7 f dv- V2V, fu(x, v), (1)

where m, is the electron mass, v is the particle velocity,
V = v—u is the velocity relative to the fluid velocity u, V) is
the fluid velocity parallel to the magnetic field, and f.(x, v)
is the phase-space distribution function. In a collisional
plasma, this leads to the Spitzer-Harm expression [6],

gsH = _KSHVHTe KSH = 3.2nc Ve dee 2)

eSH is the the electron heat conductivity, n, is the

electron density, v = (Te/me)l/ 2 is the thermal speed,
T, = n! f dv - fe(x,v) is the electron temperature,
Aee = VeTee 18 the thermal mean free path, and 7., vfe is
the electron-electron collision time. This expression is not
general, since the proportional relationship with the mean
free path would make the heat flux unbounded in a colli-
sionless plasma. The maximum heat flux is the order of the
one-way free-streaming flux

where «

grs = neTe (Tey/me)'?, A3)

where T = n™" [ dv-o? fe(x, ) is the parallel electron tem-
perature. We wish to determine the collision-dependent
behavior of the heat flux, so as to replace it with a simpler
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expression that retains reasonable accuracy. The preferred
method is using the harmonic average form [1],
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qeﬁ-z(—+ ) , ae= lim £ @
qsH  QeqFs Aee = gFg

where . 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-Harm heat flux is propor-
tional to the mean free path, when the collisionality is high,
it becomes small, gsy < @.qrs, and geg =~ gsu, but when
the collisionality is low, it becomes large gsy > a.qgrs and
get = @eqrs. A number of studies using kinetic simula-
tions have produced widely disparate values for a., 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 [7]. In this study, we investigate the effects of col-
lisionality, electron radiation rate, ion-electron mass ratio,
and distance from the divertor plates on the electron con-
ductive heat flux and heat flux limiter a..

3. Simulation Model

PARASOL is a electrostatic particle-in-cell model in
a bounded domain with particle/energy sources and sinks.
In this study, motion is in one-dimension and the domain
is symmetric across the midpoint. Ions are fully traced
(1d3v) while electrons follow their guiding centers (1d2v).
A slab geometry is employed with plasma properties as-
sumed to be homogenous in the directions perpendicular
to the magnetic field. Both electrons and ions move in the
spatial dimension s parallel to a magnetic field line with
connection length L lying on the separatrix. This is equiv-
alent to a projection in the poloidal direction with parti-
cles moving along x = @s over length L = OL, where
O = B, /B is the ratio of the poloidal magnetic field to the
total field strength. For simplicity, the magnetic field has
been set to © = 0.2.

The half-domain shown in Fig. 1 is divided into three
major regions: source, intermediate, and radiation. A hot
ambipolar plasma source is in the domain center x/L =
[0.4, 0.5] to model diffusion from the plasma core and
a radiative energy sink lies beside the divertor x/L =
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Fig. 1 Diagram of PARASOL half-domain showing the temper-
ature and heat flux profiles in the system with f,q = 0.5
and Ay, /L = 0.1. The divertor plate (navy) and radiation
(blue), intermediate (white), and source (yellow) regions
are marked.

[0.01, 0.21]. There is no source or sink behavior in the
intermediate region x/L = [0.21, 0.4]. Particles generated
at the source are given a thermal velocity distribution of
isotropic temperature T¢o. All electrons occupying the ra-
diation region lose a small fraction of their kinetic energy
at each time step with no change in pitch angle. The input
parameter frag = Qrad/ Qror 18 the ratio between the radiative
energy-loss flux to the energy flux entering the radiation
region.

Divertor plates are located at the domain boundary
x = 0. Besides the radiation loss, energy loss also occurs
when particles reach the plate and are removed from the
system. Ions that strike the divertor plate are reintroduced
into the source region as a hot ion-electron pair, maintain-
ing a constant ion number in the simulation. Due to the
fact that electrons escape faster than ions, this leads to the
existence of a sheath potential and a positive bias in the
plasma. For this study, there is no recycling in the divertor
region and neutrals are ignored for simplicity.

Coulomb collisions are treated using a binary collision
model [5], where in each time step each particle is paired
with both an ion and electron in the same cell and given a
scattering angle. While the initial mean free path is speci-
fied as an input parameter

6 \/gm;% )

/lmpr = 33/2/166 = Te()’ (5)

e*neoA
where g is the permittivity of free space, e is the ele-
mentary charge, A is the Coulomb logarithm, and the sub-
script ‘0’ indicates an initial value. The actual mean free
path evolves with the local plasma density and tempera-
ture such that Amfp//lmpr = neO/”e(TeH/TeO)l/z(Te/TeO)S/Z«
The ion gyro-radius is set to p;j/L = 5 x 1073, the num-
ber of spatial cells to 800, and the number of ions to
Ny = 10°. Except where specified, the ion-electron mass
ratio is m;/m. = 1800.

4. Results

One can see in Fig. 2 that different collisionalities and
radiation rates produce strong changes in the spatial pro-
file of the heat flux. The collisional cases (red and blue)
exhibit large gradients in potential, density, and temper-
ature compared to the collisionless cases (green and pur-
ple). They consequently have much smaller heat fluxes.
As is expected, increasing the radiation causes the temper-
ature 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 cases, the thermal energy is
equally partitioned between all three dimensions, such that
Ty = T, whereas in the collisionless cases, the thermal
energy is equally partitioned parallel and perpendicular to
the magnetic field, such that T) = T, /2.

The PARASOL code has previously been used to de-
termine a. to be a relatively high value of 0.75 for an ion
electron mass ratio of m;/m. = 400 [3]. Figure 3 shows
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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. f.q = 0.1, colli-
sional Apgy/L = 1072 (green) low rad. fq = 0.1, colli-
sionless Apfp/L = 10? (blue) high rad. f,q = 0.5, colli-
sional Apg,/L = 107! (purple) high rad. fi.q = 0.5, colli-
sionless Apgp/L = 10°

0.2 0.4 0.6
1:rad

Fig. 3 Collisionless limit of the dependence of a@. on radiation
rate fiad.

that this falls within the range of possible values, when the
radiation loss is large, fi,a ~ 0.4. The collisionless limit
@, has a simple harmonic form relationship with the radi-
ation loss. As the radiation loss increases, @, undergoes a
transition from a small value to nearly unity. According to
Fig. 4, this transition occurs at a higher radiation level as
the mass ratio is increased. The mechanism by which a.
decreases as the mass ratio increases will be developed in
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Fig. 4 Dependence of a. in collisionless limit on ion-electron
mass ratio my; /m.. Mass ratio 3600 corresponds to a deu-
terium plasma.
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Fig. 5 Dependence of a. on mean free path by region. Each
point represents a poloidally-average over the indicated
region with error bars omitted for clarity.

a forthcoming paper.

While a. is defined as a collisionless limit without lo-
cal energy sources or sinks, we wish to check if Eq.4 can
be used in the general case, as it often is. Therefore, the
dependence of a, on position and collisionality is of inter-
est, with the results presented in Fig.5. As expected, a.
always asymptotes to a constant value in the collisionless
limit. This limit does not appear to depend on position (and
hence, source and sink effects) much, in keeping with the
expectation that a sheath-limited plasma is almost uniform.
In contrast, source and sink effects strongly affect . in the
collisional limit. In the source region, ¢ =~ gsy, which
results in large errors in the calculated value of @.. The
intermediate region shows a radiation-independent nearly
linear growth with @, o Ang 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 increase in
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Fig. 6 Ratios of measured heat flux to Spitzer-Harm limit, a.-
adjusted free-streaming limit, and effective heat flux
(Eq.4) for different radiation rates and measured in the
intermediate region. Error bars for g/a.grs are too small
to be visible. The values of a. for each case are taken
from the results in Fig. 6.

. than low radiation. The reason for this behavior will be
investigated in the near future.

Further examining the validity of using g.¢ in Eq. 4 as
a general substitute for the heat flux that must otherwise
be calculated by a fully kinetic simulation, Fig.6 shows
the relationship ¢/g.r over a range of collisionalities and
radiation rates. For comparison, the functions g/g.g¢ and
q/a.qrs are also plotted. Of course, g/qge and q/aeqrs
converge to unity at the collisionless limit because of the
previous fitting to the free parameter .. However, without
any fitting, the collisional limit also correctly shows that
the heat flux approaches the Spitzer-Hiarm limit: ¢ — gsg.
Unfortunately, as the function transitions from the Spitzer-
Hérm limit to the free-streaming limit, the simple model
deviates from the actual heat flux. When the radiation rate
is high, the match between g.r and g is acceptably within
the error bars. However, at a moderate mean free path
length of 1 < Amgp/L < 10, a peak is evident such that
the ratio g/g.g is much larger than unity.This deviation of

the harmonic approximation g.g from the actual heat flux
ge is currently under examination.

5. Summary

Electron heat transport parallel to the magnetic field in
the SOL plasma is investigated with the PARASOL simu-
lation. It is confirmed that in the collisional case the con-
ductive heat flux is given by the Spitzer-Hédrm expression.
In the collisionless case, conductive heat flux is limited to a
factor a. of the free-streaming value, which is small (~0.1
of the sheath-limited value) when little energy is lost to
radiation, 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 for
ge. The model deviates strongly from the calculated re-
sults for a plasma with collisionality 1 < Ay, /L < 10 and
radiation less than f,g = 0.4. Behavior in regions with
energy sources or sinks also requires a multiply-defined
a.. Constraining usage of the model to regimes that be-
have correctly is not practical, and therefore, a more robust
model is required. Due to the relative economy of system
memory, a database lookup for g. as a function of electron
density and temperature may be the most tenable solution.
Future work shall include investigation into the mechanism
by which the heat flux becomes larger than the collisionless
free-streaming limit, as well as the effects of other parame-
ters, such as adjusting the width of the source and radiation
regions.
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