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Parallel heat flux in a steady-state SOL is determined via fully kinetic simulations using the 1d3v

particle-in-cell code PARASOL. In order to better evaluate the heat load on the divertor plates, the
ion and electron velocity distributions functions (VDF), heat flux, and heat flux limiters «; and c.
are calculated. The effects of collisionality, recycling rate, ion-electron mass ratio, and source model

are examined. Results for the VDF are explained qualitatively and the average values of both flux

limiters are found to be approximately 0.1, but with a large spread from 1.4 x 1072 ~ 2 with a complex

dependence on the simulation parameters.
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1. Introduction

In a tokamak, hot plasma is lost from the core by
anomalous transport and ELMs and carried by paral-
lel transport along the open field lines in the scrape-
off layer (SOL) to the divertor plates. The SOL and
plasma-surface interaction are highly complex features
that need to be modeled numerically in order to sim-
ulate realistic fusion devices. Heat flux through the
SOL must be regulated so as to limit heat loads on
the divertor plates high enough to cause physical dam-
age, necessitating lengthy and expensive maintenance.
The most common approach is to model a 2d3v plasma
with computationally fast fluid codes, but this requires
that many kinetic factors be implemented manually,
such as boundary conditions at the wall, heat conduc-
tivity, and plasma viscosity. Valid quantities must be
acquired from fully kinetic simulations.

To accurately calculate energy-dependent sput-
tering rates, both the heat flux and velocity distri-
bution function (VDF) at the sheath edge must be
known. The parallel heat flux can be divided into
the ion and electron conductive and convective heat
fluxes,

neme (Vi 4v%) /2, (1)
neme (v = Vijo)v?*) /2, (2)

where v is the particle velocity, V' = (v) is the fluid
velocity, and brackets (a) = [af,(z,v)dv indicate
an average of the variable a over the phase-space dis-
tribution function f, of species o € e,i. Unlike the
electron heat flux that is divided between convective
and conductive, the ion heat flux is expected to be
mainly convective [1]. The conductive heat flux is ap-

deconv,e =

Qcond,c =

proximated by the Spitzer-Harm expression [2] in a
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collisional plasma.

(3)

gsH,c = —H(S,HVHTU

KEH = 3.2NeVieAee

KZ-SH = 3.9nivti /\ii

SH

where £

is the heat conductivity, n, is the density,
Vig = (T,,/mg)l/2 is the thermal speed, \yo = Vi Too
is the thermal mean free path (MFP), and 7,, o v},
is the same-species collision time. This expression is
valid when the actual heat flux is less than the order

of the Maxwellian one-way free-streaming heat flux
1/2

qrS,c = ne Ty (T‘H,a’/ma’) ) (4)

where T} , = n; ! [ dv - v f5(x,v) is the temperature
parallel to the magnetic field. The collision-dependent
heat flux is approximated via the harmonic mean [3],

1 1 \!
Qeff,oc = + — )
4SH,o Ao dFS,o

the flux-limiting Qo =
limy, ;) — o0 G0 /qrs is defined as the ratio between
the actual heat flux and the one-way free-streaming
heat flux in the collisionless limit. The heat flux
limiters are usually assumed to be a, ~ 0.1, although
previous kinetic simulations have given values in the
range o; = 0.1 ~ 2 and a = 0.03 ~ 3 [1].

We have studied the heat transport in SOL plas-
mas with the PARASOL code and shown that in a
collisionless plasma where the ion-electron mass ra-
tio is m;/m. = 400, the electron heat flux limiter is
ae = 0.75 in a plasma at equilibrium [4]. Further ex-
ploration showed that for a more realistic mass ratio of
m;/m. = 1800, a. varies smoothly from a very small
value when the electron radiation energy-loss rate is
low to approximately unity when it is high [5]. In ad-
dition, examination of the effect of collisionality has

(5)

where coefficient
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shown that when there is no electron radiation, the
heat flux does not follow a harmonic average transi-
tion from the collisional to the collisionless state, but
peaks at moderate collisionalities when the mean free
path is of the order of the system length and then de-
creases to the collisionless limit. The reason for the
decrease was found to be the development of a large
high-energy tail in the electron energy distribution as
the plasma becomes more collisionless [6]. The tail ef-
fect is overpowered when electron radiation creates an
asymmetry between the incoming and outgoing elec-
tron distributions, thereby raising the heat flux in the
collisionless limit and eliminating the peak. Adding
a Langevin heat bath model to the source region was
also found to suppress the tail asymmetry, preventing
formation of the peak.

These previous studies have concentrated on the
response of the electron heat flux to collisionality, elec-
tron radiation rate, and the type of source model.
In contrast, this work investigates the behaviour of
the ion heat flux in response to different mass ratios
and recycling rates, as well as collisionality and source
model effects.

2. Simulation model

The PARASOL code simulates a 1d3v self-
consistent electrostatic particle-in-cell model with a
binary collision model [4, 7]. A slab geometry is used
with motion on the separatrix parallel to the mag-
netic field. Position in the toroidal direction is given
by coordinate x (Fig. 1). Ions are fully traced (1d3v),
electrons follow their guiding centers (1d2v), and for
this study neutrals are ignored. The ratio of the
poloidal magnetic field to the total field strength is
set to © = B, /B = 0.2. The ion gyro-radius is set to
pi/L = 5x1073, the number of spatial cells to 800, and
the number of ions to Ny = 10°. The time step length
in the runs presented is the inverse of the plasma fre-
quency, At = wp’el. Each run requires approximately
K =1 x 10° time steps to reach equilibrium, which
takes approximately 10 hours on 12 modern CPUs.
Equilibrium data is acquired by averaging over time
from K = 1.8 x 10° to 2.0 x 105.
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Fig. 1 Half the simulation domain showing source/sink re-
gions, magnetic field, and flux values.

The spatial domain is symmetric across the mid-
point, with divertor plates located at x = 0 and x = L.
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There is no difference between inboard and outboard
divertor plates to avoid masking the heat flux physics
we wish to observe. The half-domain shown in Fig.
1 is divided into three major regions: source, inter-
mediate, and radiation/recycling. The source region
lies in the center, where hot particles are generated
and a Langevin heat bath may also be employed.
In the Langevin model, each particle j lying within
the source region experiences heating given by the
Langevin equation,

AV]'

o —vv; + A,

where v is the Langevin relaxation constant, A is a
random variable of uniform distribution with range set
by the given temperature T7g, and m; is the particle
mass. The heating parameters are vAt = 1073 and
Trio = Treo = Teo. The Langevin model ensures that
the velocity distribution tends towards Maxwellian
even in a collisionless plasma with poor mixing [6].
The radiation/recycling regions lie near the divertor
plates, where an electron energy sink and and an am-
bipolar cold particle source model radiative cooling
and recycling, respectively. Explanation of the radia-
tion model is given in [7]. In this case, the radiation
energy-loss fraction is set t0 frad = Qrad/Q@sre = 0.6.
Between the source and radiation regions lie the inter-
mediate regions, where sampling occurs. As reported
by others [8], the values of v, vary by orders of mag-
nitude along the field line, so the poloidal average over
the intermediate region is taken.

Tons lost to the divertor plates are replaced at
the hot particle and cold recycling sources. Particle
generation is ambipolar, so electron and ion source
fluxes are equal, I'spc.e = I'sreyiy rec,e = Irec,i- Since
the source particle flux is equal to the ion flux to
the divertor, a sheath potential forms and a positive
bias develops in the plasma bulk. The ratio of re-
cycling to hot source particle generation is an input
parameter R = Dyeco/(Dsreo + Trec,o). Hot par-
ticles are generated uniformly within the source re-
gion Lgreq = 0.4L < x < L/2, with an isotropic
thermal distribution of temperature T, = Tj0 = 1.
Cold particles are generated uniformly within the re-
cycling region Lyecq = 0.01L < £ < 0.21L = Lyecp,
with an isotropic thermal distribution of temperature
Trece/Teo =5 % 1073, Treei/Teo = 1 x 1075,

3. Results and discussion

The effects of four different properties are ex-
plored: the mean free path is given a value of Ay, pp.s ~
L for a moderately collisionless SOL and Ay pps ~
103L for a very collisionless SOL, the recycling rate is
given a value of 0% or 99%, the Langevin heat bath
can be absent or present, and the ion-electron mass
ratio is varied between m;/m, = 1 to mimic a hydro-
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genic plasma and 4 to mimic an impure plasma, where
myp/me = 1800 is the proton mass. The electron and
ion VDF are averaged over the range = [0 : 0.09]
which includes the sheath edge. We confirm that the
inclusion of the entire sheath region in the averaging
does not change the VDF significantly, because the
ranges = [0 : 0.09] and = = [0.09 : 0.18] give simi-
lar results. The effects of the former three properties
are shown in Fig. 2 for the case with m;/m, = 1.
At first glance, we see that the electrons are gener-
ally composed of two Maxwellian populations [5]: the
bulk that are trapped by the sheath potential and a
high-energy tail of electrons that travel directly from
the hot source to the divertor plate. Despite not be-
ing trapped, the ions also have a bulk population and
high-energy tail, which we have difficulty explaining,
especially in the case of a collisionless plasma.

By comparing the moderately collisional VDF' in
Figs. 2 (a,c,e,g) to the corresponding collisionless
plasma in Figs. 2 (b,d,fh), we see that the temper-
ature of the bulk populations of both electrons and
ions is greatly reduced as mixing is reduced, since the
tendency to return to a thermal distribution is elim-
inated. Less heat is transferred from the hot source
particles to the bulk as they travel to the divertor.
This leaves more and more electrons trapped in the
radiation regions, reducing the electron heat flux to
the divertor plate and hence the flux at the source (as
confirmed in Fig. 3), decreasing the plasma potential.
At equilibrium, electron and ion loss is ambipolar, so
the ion flow rate to the divertor also decreases, despite
reduced backscatter by the ions.

Fig. 2 (a,b,e,f) and (c,d,g,h) show a comparison of
the ion and electron VDF for the case of 0% recycling
versus 99% recycling. The addition of recycling re-
duces the ion temperature and flow rate at the sheath
edge, while concurrently increasing the electron tem-
perature. The reduced ion temperature and flow rate
naturally occurs because of the cold recycled ions en-
tering the plasma in the radiation/recycling region.
The effect is amplified as the collisionality increases
and the recycled ions cool more of those directly from
the source. Just as electron radiation creates a low-
energy population of electrons and reduces the elec-
tron heat flux, recycling creates a distinct population
and significantly reduces the ion heat flux to the diver-
tor. However, if the origin of the bulk distribution is
cool, recycled ions, it is unusual that the bulk temper-
ature is many times larger than that of the recycled
ions, even without mixing. This must be investigated
further. Electron temperature increases because the
recycled electron temperature is higher relative to the
recycled ion temperature (Trec,e = 5Trec,;) and the
electron radiation rate is very high (60%). Once elec-
trons from the source reach the sheath region, they are
already cooler than the recycled electron temperature.
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If the radiation model was deactivated, both ions and
electrons would experience an decreased temperature
and flow rate due to recycling.

To see the effect of the heat source model, we
compare heating using only the hot particle source in
Fig. 2 (a~d) with runs that also include Langevin heat-
ing in Fig. 2 (e-h). The Langevin heat bath increases
overall heating and forces the particles towards a ther-
mal distribution. Since it affects all particles within
the source region, mixing behavior occurs even in a
collisionless plasma. In all cases, the fluid velocity
and heat flux towards the divertor plate increase, as
seen in Figs. 3 and 4. The density of particles in the
high-energy tail also increases relative the total den-
sity. Due to the bath, the temperature in the source
region stabilizes at a high value, which increases the
total heat flux and reduces its susceptibility to other
factors.

Heat fluxes corresponding to each VDF in Fig. 2
with and without Langevin heating are shown in Figs.
3 and 4, respectively. These figures also show depen-
dence of the heat fluxes on the ion-electron mass ratio.
The mass ratio is found to introduce a small, smoothly
varying effect on the heat flux that typically varies
over only a factor of 2, equivalent to the change in
(mi/m.)*/?. The only exception is the ion conductive
heat flux, which increases by up to 1 order of magni-
tude as the ion mass grows from m;/m, =1 to 4. A
greater ion mass should raise the sheath potential ac-
cording to the relation e¢. /T, ~ 1/21Inm;/m., which
traps a larger fraction of the electrons and raises the
bulk electron temperature. This further increases the
sheath potential, which helps to accelerate the ions to
the divertor. However, we can see that ion conduction
is not always dominated by convection.

Other effects on the heat flux follow directly from
the VDF. As the collisionality is reduced, when ther-
malizing behaviour is not alternatively provided by
Langevin heating, the ion conductive heat flux in-
creases and electron heat flux is reduced. This cor-
responds to the higher ion flow velocity and reduced
electron temperature. Recycling reduces the ion tem-
perature and increases the electron temperature, so
the heat fluxes likewise decrease and increase, respec-
tively. Langevin heating increases the particle tem-
perature across the board, and so the heat fluxes also
increase prodigiously.

The value of a; and a, for each set of conditions
is shown in Table 1. The left half shows the result of
using only the hot particle source. In this case, the
strongest effect is caused by collisionality. There is an
increase of 1 order of magnitude in a, and 2 orders in
«; when going from a moderately collisional plasma to
a low collisional plasma. Without recycling, both lim-
iters have a weak dependence on the mass ratio close

to ay o< (me/m;)'/?. However, with 99% recycling,
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(e) Langevin heat bath, Apg, = L, recycling=0%
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(g) Langevin heat bath, Apg, = L, recycling=99%

(h) Langevin heat bath, Ape, = 103 L, recycling=99%

Fig. 2 Ton and electron distribution functions of random energy (fluid velocity removed) averaged over the region
x/L=[0:0.09] for different collisionalities, recycling rates, and either a hot particle or Langevin heat sources. Average
temperatures (T3, T.), tail temperatures (7%,;, Tt,e), and ion fluid velocities (v;) are labelled.

560



q / Do Veo TeO

10

10"

107

107

q / Ny Veo TeO

107

107

A. Froese et al., Particle Simulation Study of SOL Heat Transport to the Divertor Plate
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1 2 3 4 1 2 3 1 2 3 4 1 2 3 4 cled) are plotted by
m; /mp m; /mp m; /mp m; /mp magnitude.
parameters hot particle source only Langevin heating
Amip/L R m;/m, Qe % Qe Q;
1 0.00 1 1.0x 1071 45x1072 | 3.9x 107" 38x 1072
1 0.00 2 7.0x1072 22x1072 | 3.8 x 1071 4.4 x1072
1 0.00 3 55x 1072 1.8x 1072 | 3.5 x 1071 1.6 x 1072
1 0.00 4 46x1072 1.4x107% | 27x 1071 14x1072
1 0.99 1 14x1072 32x1073 | 28x10"" 7.0x1072
1 0.99 2 1.0x1072 3.9x1073 | 1.7x 107" 3.5x1072
1 0.99 3 87x107% 40x1073 | 1.3x107' 24x 1072
1 0.99 4 73x107% 42x107% | 1.1 x 107t 1.8x 1072
103 0.00 1 74x107Y 24x107! | 72x 1071 4.8x1072
103 0.00 2 51x 1071 1.8x107! | 54x1071 4.3x107?
103 0.00 3 40x107Y 14x107' | 3.7x107' 5.0x 1072
103 0.00 4 3.5x 107! 1.1x107!' | 3.1x107' 6.5x 1072
103 0.99 1 78x1072 22x107! [ 1.1 1.8
103 0.99 2 3.9x1072 42x107!' | 6.7x 1071 1.6
103 0.99 3 24x1072 53x107! | 47x 107t 1.4
103 0.99 4 3.1x1072 55x107 | 3.6x1071 1.3

Table 1 Heat flux limiters a, measured at /L = [0.27 : 0.36] for different collisionality, recycling rate, ion-electron mass
ratio, and source model.
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this trend reverses itself for a;, switching instead to a
small increase with mass ratio. The inclusion of recy-
cling decreases . by about 1 order of magnitude.

The right half of Table 1 shows the result of
Langevin heating. The overall effect is to increase and
stabilize the heat flux limiters. Without the Langevin
heating, a; lies in the range [1.4x 1073 : 0.55], but with
heating, the range becomes [1.4 x 1072 : 1.8]. Like-
wise for the electron heat flux limiter, a, goes from the
range [7.3 x 1073 : 0.35] to [0.11 : 1.1]. In both cases,
the maximum and minimum increase by more than
an order of magnitude and their ratio becomes less
than half as much as for the hot particle source only
case. Because of the additional heating, collisional-
ity becomes less important, with the collisionless SOL
giving a slightly higher value for both limiters by a
small factor ~ 1. Going from small to large mass ra-
tio (m;/m, = 1 to 4) causes a. to decrease, and causes
a; to decrease in two cases: when there is neither re-
cycling nor Langevin heating and when there is both
recycling and Langevin heating. This is because the
presence of either recycling or Langevin heating cre-
ates a strong temperature gradient, making the ion
conductive heat flux very sensitive to the mass ratio.

Since the flux limiters a, are defined as the ratio
of the actual heat flux to the one-way free-streaming
heat flux according to Eq. 5, they are most affected by
changes to the shape of the actual velocity distribu-
tion. Looking at the VDF in Fig. 2, we see the distri-
butions typically become more symmetric by decreas-
ing the recycling rate, increasing collisionality, or us-
ing Langevin heating. The electron distribution reacts
somewhat more strongly to the changes than the ion
distribution. We can deduce that o, is increased by
conditions that cause an irregularly-shaped VDF: in-
creasing the recycling rate, decreasing collisionality, or
deactivating Langevin heating. Table 1 confirms that
this assumption is correct for the collisionality condi-
tion and for the heating method condition, except for
the collisionless case without recycling where both a.
and «; become much larger when Langevin heating is
activated. In fact, it is seen that adjusting the plasma
collisionality is the most efficient way to increase a;
and especially a,.. The recycling condition does not
lend itself to such clear analysis. (Note that one can-
not technically make a direct comparison between Fig.
2 and the Table 1, because the sampling regions are
next to the divertor (x/L = [0 : 0.09]) and inside the
intermediate region (/L = [0.27 : 0.36]), respectively.
However, only the distribution of electrons proceeding
away from the divertor is significantly different, and
usually only at low velocity.)
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4. Summary

To better evaluate the heat load on the diver-
tor plates, the ion and electron VDF, as well as the
ion and electron heat flux and heat flux limiters oy
and «, were examined. Both ion and electron VDF
were found to have high-energy tails separate from
low-energy bulk populations, but for different reasons.
The tails derive from the hot particle source, while the
electron bulk is due to trapping by the sheath. The ion
bulk is strengthened by recycling, but also occurs in
the absence of recycling. Collisionality and Langevin
heating are found to force the plasma towards a ther-
mal distribution, but the former reduces flow rate and
heat flux, while the latter increases them. Recycling
reduces the ion temperature, flow rate, and heat flux.
Finally, the effects of the ion-electron mass ratio are
small, except when a strong temperature gradient can
be induced with recycling or Langevin heating.

The average values of the flux limiters «a, are
found to be approximately 0.1, as currently employed
in fluid codes. However, they show a wide deviation
from 1.4 x 1073 to 2 for only the tested simulation pa-
rameters, so the actual variation is likely even greater.
Therefore, using a constant value is not recommended.
At the very least, some linear correction should be
employed to account for changes to the ion-electron
mass ratio, recycling rate, collisionality, and heating
model. As already pointed out [8], «, even varies
by orders of magnitude along the field line, a detail
which we corroborate. Ultimately, limiting the heat
flux may provide no substantial benefits. Therefore,
future work should be directed to developing a more
accurate model for incorporation in fluid codes. In
addition, fluid codes require a number of other ki-
netic factors, including the heat transmission coeffi-
cients, ion viscosity, sheath potential, and polytropic
constant. Further inquiry will be directed towards the
effect of the plasma parameters on these factors.
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