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Hot plasma lost from the core of a tokamak travels along tleadield lines in the scrape-off
layer (SOL) to the divertor plates. To evaluate the heat twathe plates, fluid models are com-
monly used, but their accuracy falls off when the plasmaatesi strongly from a Maxwellian
distribution. Such deviation can occur when the collislidpas low or there is an electric field,
such as in the sheath region. Modern SOL fluid codes applyredtenodels that attempt to
correct for the loss of kinetic effects. These models candveldped from experimental data or
fully kinetic simulations. Kinetic effects that must be aoated for include closure parameters
and boundary conditions at the sheath entrance. In this,wioekbehaviour of the heat trans-
mission coefficients (HTCs) is examined with the PARASOL4diBwulation, a particle-in-cell
code with a Monte-Carlo binary collision model [1].

The total heat transmission coefficient relates the totargnflux of all plasma species
Q¥ =7 Q?e at the plasma-wall interface (sheath entrance) to the teatyreT; and particle
flux T = n;jVj, macroscopic quantities that are accessible in the fluidetdthe contribution
of specieyj is defined af)}® = y;/Tel* in experimental papers [2] ar@® = y; /T;5° in theo-
retical papers [3, 4]. We shall adopt the former in this pdy@mause it is simpler to measure ion
current and electron temperature in experiments. Theatdteatment produces typical values
in the rangege = 4.5—5.5 andy; = 2— 3 x T; /Te. However, the total HTG = y; + y= measured
in tokamaks falls within a larger range of 2-20 [2]. PARASQIinalations are used to show that
the experimental results can be explained entirely by lactdiation energy loss, henceforth
referred to just as radiation.

The classical expressions for the electron and ion HTCs are

2

ep® T MV
1 _ 25t 2

Te 9 ( ) yl Te+ 2Te Y ( )

Ye=2+

where ¢ is the potential at the sheath entrance &fd= [ dvy fi(v)/ [dvfi(v) is the ion
parallel fluid velocity [3, 4]. Often only the first term of E) is used to estimate the ion HTC,
but the convective correction is found to be necessary irctiiesional regime. Equation (1)
was found to not match the electron HTC for all cases withatain.

If the plasma is collisional, then there is strong diffusinrvelocity space and the electron
energy distribution function (EDF) tends towards a Maxiweelldistribution. However, if the
plasma is weakly collisional or collisionless, simulasdmve shown that the electron EDF in
the SOL has a low-energy symmetrical bulk population andja-energy tail traveling towards
the divertor plate [1], as shown in Fig. 1. The symmetric bwilk not contribute to the particle
or energy fluxes, so that they are determined almost entinglthe high-energy tail in this
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situation. Even so, the tail is usually too small to measupeEementally.
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Figure 1: The electron energy distribution function is mageof a symmetric bulk and a high
energy tail moving towards the divertor plate with thermalbeitiesv, andv;, respectively. The
total electron density is equal to the sum of the bulk anddisitiene = nyp + n;.

The electron HTC for this EDF can be readily calculated as
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whereT;; andT;, are the parallel and perpendicular temperature of the bigdrgy tail. The
tail electrons travel directly from the source to the digeglate without being trapped, so they
have not yet experienced energy loss at the sheath entréheeefore, the tail temperature
is typically isotropic and close to the electron source terapure,T,; ~ 0.7 and Ty, ~ 1. By
assuming that ~ T;, ~ Teo, Eq. (3) can be approximated as
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The PARASOL-1D code employs a self-consistent electriegpairticle-in-cell model with a
binary collision model [1]. A slab geometry is used, sucht thation is given by coordinate
along a magnetic field line with connection lendth The ratio of toroidal to total magnetic
field strength is set such that the angle of incidence witlliertor is obliqueB,/B = 0.2. The
amplitude of the magnetic fieB is specified by the ion gyro-radius normalized to the polbida
circumference; /L = 5x 1073 The ions are fully traced (1d3v) and electrons are guidimgere
traced (1d2v). There is a single species of ions with a mass ofe = 1800. The domain is
symmetric and each half has three major regions: souregnediate, and radiation. The range
of the source region is/L | = [0.4 : 0.5], the radiation region is/L; = [0.01L : 0.21L], and the
intermediate region lies between them. The source regippl®&s particles at fixed tempera-
tures, Teo andTjp at a rate equal to the ion loss to the divertor plates. Radiasi implemented
by decelerating all electrons in the radiation region wlelgving their direction of travel un-
changed. Each electron loses a fraction of the incomingggrflrx directly proportional to its
own kinetic energy. The desired radiation energy-loss fiuké energy flux from the source is

given as an input parametéty = Qrad/Qsrc-
Spatial profiles of the electron and ion HTC produced by PARASre shown in Figs. 2(a)
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and (b), respectively. The four cases are taken from thésmmial and collisionless regimes
without radiationf,;g = 0.0 and again with high radiatioft,g = 0.6. In the case without ra-
diation, bothy, and y increase smoothly to the divertor plate. Their values arasued at
the sheath entrance as defined by the quasineutrality comdih the high radiation case
increases by an order of magnitude gndhcreases by at least three orders of magnitude in
the radiation region. Radiation rates fy = 0.2 and higher remove so much energy from the
plasma that the sheath entrance moves inside the radiagomt
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Figure 2: Spatial profiles of the electron and ion HTC for foases: collisionless and collisional
with and without radiation.

Values of the electron and ion HTCs are surveyed over cofigity, radiation rate, and ion-
electron source temperature ratio and the results are shokig. 3. Three models foy. are
compared to the simulation results: the classical exprassi Eq. (1), the expression derived
from the realistic EDF in Eq. (3), and its approximation in E4). Simulation results foy are
compared to the first term of the classical expression inBgagd the full expression including
the convective correction.

Figure 3(a) shows that the classical expression underat&sy by about 20%, but Eg. (3)
overestimates it by about 30% in the weakly collisional megifrom 01 < Amp < 10. Ap-
proximating the tail temperature matches the data even pwo#y. Figure 3(b) shows that the
classical expression matchgsvery well in the collisionless regime, but deviates in théico
sional regime. Inclusion of the convective correction teaduces the error to a maximum of
25%, although typically it is less than 10%. Figure 3(c) shdhat raising the radiation rate
increases the electon HTC by an amount related to the meapéth. Radiation decreases the
temperature of the trapped electrons, but does not affectaihbecause the sheath entrance
moves closer to the source than the radiation region. Thisesy to become very large, but
the classical expression does not reflect this behaviowusecit has no temperature depen-
dence. The predictions of Eg. (3) and Eq. (4) are very aceudatviating only slightly from the
exact solution. Comparing Figs. 3(c) and (d) shows thatdheHTC has the same radiation
dependence as the electron HTC. The classical expressagousate to within 25%.

The dependence of both HTCs on the radiation rate in thesamiliess regime are shown in
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Figs. 3(e) and (f). One can see that there is a sudden jumpfirpre= 0.1 to 0.2, above which
the HTCs stay constant at about 35. The new expression ievery accurate, especially when
the tail temperature is approximated. However, the valygiefsomewhat overestimated by the
full classical expression.

The equality ofye andy; in the collisionless regime is broken when the ion and ebec$ource
temperatures are not equal, as shown in Figs 3(g) and (h)elEcgon HTC is not affected by
the source temperature ratio, but the ion HTC is nearly ptapwl to the temperature. The
mean free path is long, but at very small temperature rati@sjons can still collide several
times before reaching the divertor plate. In this cagdends towards its higher collisional
value and the convective correction term is necessary kbedae conductive energy (given by
the first term of Eq. (2)) becomes a negligible fraction oftitt@l energy flux.
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Figure 3: Electron and ion HTC surveyed over (a,b) mean fatle without radiation, (c,d) mean
free path with radiation, (e,f) radiation rate in the cadlidess regime, and (g,h) ion-electron
temperature ratio in the collisionless regime. Simulatesults fory, are compared to Egs. (1),
(3), and (4), while results foy, are compared to the classical expression given in Eq. (2) wit
and without the convective correction.

In summary, we have shown that both the electron and ion HFbheaome larger than 30
in the collisionless regime when the radiation rate is grnetlanf, ., = 0.2. A new formulation
for y that can account for radiation was developed, but it requirewledge of the sheath
potential, which may be unavailable in a fluid code. Themfarhen the electrons and ions are
in equilibrium, the most efficient technique is to simply @s® that the electron and ion HTC
are equal and use the ion classical expression to estimtét@bthem.
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