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Abstract

The Fokker—Planck code ALLA [1] is employed to investigate parallel electron transport for plasma parameters and
connection lengths typical of the Alcator C-Mod tokamak. A non-stationary 1D-2V purely kinetic model of scrape-off layer
(SOL) plasmas is adopted which takes into account e—e and e—i Coulomb collisions, the self-consistent parallel electric field,
and the sheath potential. We numerically study the effects of an enhanced (or depleted) suprathermal tail of the electron
distribution on the Langmuir divertor and fast-scanning (FS) probe measurements, and edge localized mode (ELM) bursts.
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1. Introduction

Alcator C-Mod operates with relatively cold and dense
plasmas compared to other tokamaks. Typical mean plasma
densities and temperatures of SOL plasmas are n, = 10'*
cm ™’ and T,=30 eV. The ratio y of the Coulomb
mean-free path A (cm) = 10"*TXeV)/n (em ™) to half
the connection length L= 10% cm is /100 for open
magnetic line averaged C-Mod plasma parameters. For this
value the electron distribution is almost Maxwellian for
thermal particles with energies & < 7., but departs from
Maxwellian for suprathermal electrons with energies &>
2-3T, because of the quadratic dependence of A, on
energy (y(e) a &?).

The preceding indicates that the electron distribution
function will have a Maxwellian bulk and non-Maxwellian
tail due to the non-local behavior of Coulomb collisions in
the presence of temperature gradients. A small change in
the hot electron population can cause a significant change
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in the SOL plasma flow because these electrons determine
the Spitzer~Harm heat conductivity [2] and the plasma-—
neutral interaction rates. Tail effects are especially impor-
tant for detached SOL plasma flows [3] with low plasma
temperatures (T, = 2 eV) at the plate and strong tempera-
ture variations in the divertor region. Short mean free path
expansions [4] used in fluid codes can fail in such a
regime, making kinetic modeling necessary [5-10].

The suprathermal electrons also determine the electron
temperature measured by divertor and reciprocating probes
as discussed in Section 3. For example, the floating poten-
tial for a deuterium plasma is = 37,. The heating of the
probe by the high energy flux (of the order of 10 MW /m?
carried mostly by the electrons) makes it impossible to
measure electron temperature below 27,. Consequently,
only the ion saturation current can be measured. Effec-
tively the preceding means that the electron current is
measured in the interval (2Tp, o). Because the number of
electrons absorbed by the Langmuir probe rapidly de-
creases as the amplitude of the positive biasing of the
probe increases, the slope of the probe Volt—Ampere
characteristic measured within a narrow interval (2-47, in
the case of C-Mod) around the floating potential value is

0022-3115/97 /$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved.

PII S0022-3115(96)00532-6



O.V. Batishcheu et al. / Journal of Nuclear Materials 241-243 (1997) 374-378 375

interpreted as the actual temperature of the electron distri-
bution. However, the effective temperature T, of the
electron distribution function f.(¢) as evaluated from

mmwy'
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Te(e) = — (
which is equal to 7, for a Maxwellian distribution, can be
significantly larger or smaller for a non-thermal tail. As a
result, probe measurements can mis-estimate the actual
electron temperature.

Due to non-local effects the parallel electron distribu-
tion function is usually asymmetric, with different up- and
downstream wings. If a fast-scanning (FS) probe is shielded
so that it collects only electrons from either the up- or
downstream sides, it can measure different temperatures
T, at the same spatial position! As a result, kinetic effects
are required to explain the experimentally measured varia-
tion of the upstream (against the flow) and downstream
(towards the plate) temperatures by the reciprocating probes
in Alcator C-Mod [11].

Another phenomenon for which kinetic effects are of
potential importance is ELM bursts [12] in the SOL as
discussed in Section 4. Experimentally observed ELM
activity is characterized by a frequency of 1-10 kHz and a
10-20 times increase in the heat loading of the divertor
plate. Because of the transient nature of these events, we
expect that the distribution function will be incompletely
equilibrated.

2. Model 1D geometry, equations and numerical method

The Fokker—Planck code ALLA solves the following
kinetic equation for electron distribution function f.(r, x,
AT

af. A 1 d [ eE,
top— + ——| o3
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Here x € (0, L) and is parallel to magnetic line direction,
r= vuﬁ + 2 =modules of velocity, u= vy /v = cosine
of angle between particle velocity and x axis, ¢ and m,
are the charge and mass of electrons, and E_ = the parallel
electric field, which is obtained from Braginskii parallel
momentum balance equation

eE = *0.7lﬂ—Lf—rﬂ.

. dx n, dx

(3)

The sheath potential is evaluated using a logical sheath
boundary condition since we do not resolve sheath struc-
ture. In Eq. {2), CE is the Landau collision term, which for

divertor

Fig. 1. Alcator C-Mod cross-section indicating simulation domain.

the Maxwellian Rosenbluth potentials ¢y, and i, [13],
can be expressed as

CE=——2 e
¢ e gcilMp dv dv- dv N
L= p 1oy of.
X 2 Z (_ v [’)— : (4)
v pei\l v du

An Alcator C-Mod poloidal cross-section is shown in
Fig. 1. The simulation domain is marked by a solid line
(with an arrow) and corresponds to half of the connection
length along the magnetic field line. In the adopted 1D
geometry, the plate is located at x =0 and the symmetry
plane at x = L. The X-point is = | m from the plate.

Unlike Refs. [5,7-10] where a Monte-Carlo approach
(which suffers from statistical fluctuations that make ener-
getic tail resolution difficult) our numerical method uses a
finite-volume approach, similar to one used in Ref. [6]. An
additional improvements includes time-splitting using a
cubic spline technique [14] for the free-streaming term
evaluated on the adaptive non-uniform in real space grid,
combined with an implicit scheme for the Coulomb opera-
tor on the non-uniform velocity space grid [15]. A typical
grid size is 100(x) X 129(¢:) X 33( w). Spatial resolution
near the plate (midplane) is | mm (10 cm). The velocity
mesh varies from 0.012¢ to 40™, where the indexes d and
m denote divertor and midplane electron thermal velocity
v, = V"2Tp/me .

3. Probe measurement interpretation

To interpret probe measurements we employ the 1D-2V
Fokker—Planck code ALLA [1] to study the equilibration
of the electron distribution function f, for the experimen-
tally measured n,, and T, profiles (from shot #950308013
at 777 ms). Plasma parameters are obtained from a conduc-
tion model reconstruction of the experimental data which
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Fig. 2. (a) Background plasma temperature, 7,, and (b) density,

np.

assumes the plasma pressure (measured by reciprocating
probes) is constant along the magnetic line until the tem-
perature drops below T,~=~7 eV. Below T, the plasma
density is obtained from the assumption that the pressure
drops linearly to the plate pressure as measured by the
divertor probes. The resulting plasma temperature and
density are shown in Fig. 2a, b, respectively, where r
denotes the distance from separatrix at the midplane for a
given magnetic flux surface.

The electron distribution is evolved using the full e-e

Fig. 3. Contours f(v, v, ) at FS probes for: (a) r =1 mm and
(b) r =10 mm.
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Fig. 4. Ratio Tie; / T, at FS probes for different » in mm.

collisional term (as given by Eq. (4)) and a pitch-angle
scattering term for e—i collisions. Reflecting boundary
conditions (bc) are imposed at both the midplane (a sym-
metry assumption) and the target (where the sheath poten-
tial reflects most of the electrons). The reflecting be is also
employed to avoid introducing an ionization source to
compensate for electrons lost to divertor.

Contours of In f, for the two-dimensional distribution
function evaluated at the FS probe positions for » =1 mm
and r=10 mm are shown in Fig. 3a, b, respectively, in
v, t, coordinates. The plasma has about the same colli-
sionality in both cases, however, f, in Fig. 3b is more
equilibrated than it is in Fig. 3a because of a weaker
gradient in the plasma temperatures along the magnetic
field line r = 10 mm. Another important observation from
Fig. 3a, b is that due to the asymmetry of the distribution
function, the parallel temperature, T, a | feuH2 du, can differ
from the perpendicular temperature, T, o [f.0> dZ. This
difference can affect, for instance, the Thompson scatter-
ing measurements of electron temperature.

The ALLA code finds a Maxwellian bulk with a non-
thermal tail, especially for flux surfaces near the separa-
trix. The ratio T,/T, is shown in Fig. 4 for different
energies. Negative (positive) values of E/T denote the
downstream (upstream) wing of f,. The parallel distribu-
tion function is asymmetric and the variation of 7, about
3T, is 20-40% (depending on r), consistent with C-Mod
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Fig. 5. Ratio T / T, at the divertor probes for different r in mm.
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Fig. 6. Absolute values of K and ratios of K to Maxwellian
value, K /K, for r =1 mm.

experimental observations [11]. Similar plot for the diver-
tor probes is show in Fig. 5. The divertor probes overesti-
mate 7, by almost a factor of two for » <1 mm.

Next, we calculate the effective CIII and CIV excitation
rates, K = < ¢y vt > , of carbon and the short mean-free
path heat conduction coefficient [17], R o fv°fd7, and
compare them to their Maxwellian values as shown in
Figs. 6 and 7.

At the midplane the electron distribution has a depleted
tail, resulting in R and K being slightly below their
corresponding Maxwellian quantities. However, due to
non-local effects driven by very steep temperature gradi-
ents in the region near the plate, both the plasma heat
conduction coefficient and impurity radiation rates are
dramatically altered (up to two orders of magnitude!). Note
that the absolute value of the CIII excitation constant, K,
varies along the magnetic line much less than its relative
value, K/K, . To obtain the total radiation loss, K has to
be multiplied by impurity density.

Finding the distribution function of the impurity charge
states along the magnetic line is beyond the scope of this
investigation. However, from Fig. 6 one sees that kinetic
effects can have a strong impact on both impurity radiation
and the impurity distribution over different charge states

1L
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Fig. 7. Ratios of R to Maxwellian value, R /R, for different
flux surfaces.
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Fig. 8. Ratio R / Ry during ELM burst at two different times.

(by affecting impurity ionization rate constant), and should
be taken into account in fluid codes [16].

4, Kinetic model of ELM bursts

One-dimensional velocity space models of ELM bursts
were studied in [1,18]. There the initial ELM propagation
(heating) stage was modeled by increasing the background
plasma temperature used to evaluate the Maxwellian
Rosenbluth potentials, while the final (cooling) stage was
modeled using a Krook operator which mainly affected the
energetic particles. The incomplete Maxwellization of the
electron distribution function was considered, and the ana-
lytical solutions found were used to benchmark our
Fokker—Planck code.

In the present work we simulate a 1D-2V ELM burst
using the following simplified model. We solve the same
Eq. (2), but in this case we allow the temperature in the
Maxwellian Rosenbluth potentials of the background
plasma to vary in time. The initial profile approximately
corresponds to detached flow in C-Mod for r = 6 mm. The
temperature of the background is increased 10 times (up to
300 eV at the midplane) in the spatial interval [1 /3L, L]
during a time of about 1079 s.

The preliminary results are the following. The parallel
distribution function f, obtained from this model is asym-
metric with the downstream wing having an enhanced
energetic tail and upstream wing depleted. Due to this
non-Maxwellian behavior, the heat conduction coefficient
R exceeds the equilibrium one by factor of 30 in the region
around the thermal as shown in Fig. 8.

5. Conclusion

The results of our kinetic modeling of a detached
Alcator C-Mod SOL plasma can be summarized as fol-
lows. Non-local kinetic effects are shown to be responsible
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for the asymmetry in the FS probe measurements and the
higher electron temperatures measured by divertor plate
Langmuir probes in C-Mod. The non-local behavior is also
shown to have a large effect on electron heat conduction
and impurity radiation rates. This nonlocal behavior is
increasingly important for detached plasma flows and ELM
bursts, which are characterized by sharp temperature gradi-
ents.
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