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Abstract

A radial particle-in-cell model of the weakly-collisional plasma discharge in a Hall thruster, provides

the non-Maxwellian velocity distribution functions (VDF) of ions and electrons. The model considers

a radial magnetic field, secondary electron emission from the two walls, and phenomenological models

of anomalous electron scattering. The electron VDF is used to assess the different terms in the

macroscopic momentum and energy equations, identifying those differing from the standard fluid

model for a near-Maxwellian VDF. The pressure tensor consists of an anisotropic gyrotropic part

and a small gyroviscous part. Nonetheless, the gradient of this last one affects the cross-field electron

current density, generating radial undulations that resemble those reported for near-wall conductivity.

A gyroviscous energy flux is identified too. The heat flux parallel to the magnetic lines does not follow

a conductive-type law but a convective-type one, already found in other weakly-collisional plasmas.

The tails of the electron velocity distribution function are partially depleted due to wall collection,

leading to reduced electron fluxes of particles and energy, which are characterized with parameters

useful for fluid models. Differences in the plasma response for annular and planar channel geometries

are highlighted. The levels of replenishment of the electron VDF and of the asymmetries in radial

profiles differ for isotropic and anisotropic anomalous scattering models.

1 Introduction

Plasma collisionality in a Hall-effect thruster

(HET) discharge is low and plasma interaction

with the thruster channel walls is strong. Both

facts make that the velocity distribution func-

tion (VDF) of the different species (electrons,

ions, neutrals) tend to be non-Maxwellian. This

has several implications on how the full HET

discharge can be modelled, simulated and an-

alyzed. The first one is that standard fluid

(i.e. macroscopic) models, as those derived in

textbooks [1], are not fully-consistent and can

miss important effects. Macroscopic magnitudes

must be calculated directly as velocity moments

of the VDFs, which can be obtained by kinetic

models based on the Boltzmann equation. How-

ever, the disparate time scales of the dynamics

of neutrals, ions, and electrons, together with

the very small spatial Debye length, make a

full kinetic description of the 2D or 3D steady

state HET discharge very expensive computa-

tionally, and only adequate for fundamental re-

search (such as turbulent transport or plasma-

wall interaction phenomena).
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Most applied HET research is interested in

thruster performances, energy balances at dif-

ferent operation points and design optimization.

Hybrid simulation codes [2–7], consisting of a

particle-in-cell (PIC) formulation for the heavy

species (ions and neutrals) and a macroscopic

one for electrons, are very suitable for that re-

search, since they reduce the computational ef-

fort by 2-3 orders of magnitude compared to a

full PIC (i.e kinetic) code. They provide an ac-

curate characterization of the heavy species and

a detailed picture of the steady state discharge,

although the electron fluid model continues to be

not fully-consistent for a non-Maxwellian VDF.

An optimal solution would be a combined-model

approach for electrons, where a reduced kinetic

solution is used to determine approximate scal-

ing laws for macroscopic magnitudes of the elec-

tron fluid model. This paper attempts to ad-

vance in this combined approach.

In a general fluid formulation for weakly-

collisional electrons [8, 9], the main magnitudes

affected by a non-Maxwellian VDF are the pres-

sure tensor in the momentum equation, the heat

flux in the energy equation, and the fluxes of

particles and energy in the interaction with the

boundaries. The pressure tensor, obtained from

second-order velocity moments of the VDF, can

be, in the low-collisionality, high-magnetization

case, far from diagonal and isotropic. In the

standard finite Larmor radius (FLR) expansion

for that case, the pressure tensor is split into a

gyrotropic part (diagonal, but anisotropic) and

a gyroviscous, non-diagonal part [10]. This last

one is much smaller generally, but still can leave

a non-negligible macroscopic contribution. For

instance, it will be found that gyroviscous gra-

dients generate stationary radial undulations in

the cross-field electron current density, similar

to the ones observed experimentally by Morozov

and Bugrova and termed the near-wall conduc-

tivity (NWC) effect [11,12].

The electron gyroviscous terms enter into the

energy equation too. But the main focus of un-

certainty here is a reliable model of the heat

flux for the weakly-collisional electrons, in or-

der to close the fluid set of equations. There

is an ample evidence in the literature, in areas

such as plasma-laser interactions [13, 14], toka-

mak divertors [15], and magnetic nozzles [16,17],

that the heat flux for weakly-collisional electrons

does not follow a conductive (i.e. Fourier-like)

law and convective-type or mixed-type laws have

been proposed.

The interaction of the the electron popula-

tion with the HET walls leads to the partial

depletion of the high-energy tail of its VDF,

because the scarce collisions are unable to re-

plenish it fully. The electron energy and par-

ticle fluxes to the wall depend strongly on the

stationary electric potential at the wall and the

amount of replenishment of the VDF tail. Ad-

ditionally, there is the effect of the two coun-

terstreaming beams of secondary electron emis-

sion (SEE) from the two lateral walls of the

thruster; which do not thermalize quickly with

the main electron population. VDF depletion

and SEE effects were discussed on a macroscopic

basis by Ahedo et al. [18,19], and kinetically by

Sydorenko, Kaganovich and coworkers [20,21].

This work aims to tackle these macroscopic

magnitudes and equations using the 1D radial

kinetic model of a HET discharge presented in

Refs. [22, 23]. The kinetically obtained plasma

VDFs will be used to assess the different terms

in the electron macroscopic equations and wall

interaction. The model, based on an original

version by Taccogna et al. [24–26], consists of

a PIC/MCC (Monte Carlo Collision) formula-

tion for ions and electrons and it assumes a

radial magnetic field. Algorithms were devel-

oped in [22] to assure a self-sustained stationary

plasma discharge. The 1D scenario makes the

kinetic model rather affordable computationally.
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As in any reduction of a 3D problem into a

1D one, educated assumptions had to be made

on those magnitudes that cannot be simulated

in this reduced-dimensionality model. The 1D

model admits annular and planar configurations

and, in fact, Ref. [23] showed relevant differences

between them due to radial asymmetries in the

annular case.

The only addition here to the model of Refs.

[22, 23] is the possibility to turn on two phe-

nomenological models for the wave-driven tur-

bulent (also known as anomalous) transport of

electrons: the isotropic anomalous scattering

of Refs. [27–30] and the anisotropic anomalous

scattering of Refs. [31,32]. This scattering would

represent the wave-driven diffusion in the ve-

locity space, which is known to increment the

cross-field electron transport and to heat up the

electron population [33].

The rest of the paper is organized as follows

Section 2 summarizes the 1Dr model. Section

3 analyzes, for different anomalous scattering

cases, the electron VDF and the resulting ra-

dial profiles of main plasma magnitudes. Section

4 analyzes the main terms in the electron mo-

mentum equation, including the electron current

density vector and electron pressure tensor. Sec-

tion 5 analyzes the different contributions to the

electron energy equation and laws for the par-

allel heat flux. Section 6 discusses the electron-

wall interaction parameters. Section 7 presents

a final discussion on the results.

2 The radial kinetic model

The 1D radial (1Dr) kinetic model of Ref. [22]

(i.e. ∂/∂θ = ∂/∂z = 0) considers an axial cross-

section within the acceleration region of a HET

chamber with inner and outer radii, r1 and r2,

as sketched in Fig. 1. The model makes use of

a PIC formulation to determine the dynamics

of singly charged ion i and electron e macropar-

Figure 1: HET radial-axial cross section sketch
(adapted from [23]) showing: (1) the axial elec-
tric field, Ez; (2) the radial magnetic field, Br;
(3) secondary electron fluxes from the walls,
SEE; (4) a typical electric potential profile
shape, φ(r). The simulation domain corre-
sponds to the thick black line only. M, W1

and W2 refer, respectively, to the location of the
mid-channel radius, and inner and outer walls.
Q1 and Q2 denote the approximate position of
the sheath edges.

ticles, featuring radially and time evolving ve-

locity distribution function, density and tem-

perature fj(t, r,v), nj and Tj (j = i, e), re-

spectively. Every simulated macroparticle has

the same macroparticle weight (i.e. number

of elementary particles) which remains constant

throughout the simulation. Neutrals n are mod-

eled as a spatially homogeneous background

with a constant temperature Tn and a time-

evolving density nn(t). The latter is adjusted

by an ionization-controlled algorithm (ICD) [22]

to achieve a steady-state plasma discharge at a

prescribed radially-average plasma density n̄e,

as follows.

Assuming no net axial plasma contribution,

the corresponding velocity integral moments of

the VDF of ions and electrons, must satisfy

∂nj
∂t

+
1

r

∂

∂r
(rnjurj) = Sprod, j = i, e (1)

where Sprod (∝ nenn) is the plasma volumet-

ric production by electron-bombardment ion-

ization. Since this equation does not allow to

prescribe both plasma and neutral densities at

3
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steady-state, we opted for fixing the radially-

averaged plasma density n̄e and let nn(t) evolve

in time in order to satisfy, on average and for

the selected value of n̄e,

Iwall = Iprod. (2)

These two currents (per unit of axial length and

the same for electrons and ions) are the radially-

integrated magnitudes of the left and right sides

of Eq. (1) due, respectively, to plasma volumet-

ric production by electron-bombardment ioniza-

tion and plasma recombination at the two lateral

walls. As detailed in Ref. [22], the ICD algo-

rithm assures a stationary discharge satisfying

Eq. (2) at a prescribed n̄e. Therefore, it reason-

ably resembles the physical situation in the HET

chamber acceleration region, where ionization

and wall recombination tend to compensate each

other [34]. Moreover, it keeps nearly constant

the total number of particles of both the ion

and electron populations throughout the simula-

tion at a low computational cost, which permits

to optimize the simulations in terms of accu-

racy, limiting the PIC-related noise level, and

computational time. Furthermore, fixing the

plasma density constitutes a reasonable assump-

tion preferable to fix the neutral density, which

provides a suitable framework for the compari-

son of the results obtained in different scenarios.

The applied magnetic field is radial and

solenoidal,

Br(r) = BrM
rM
r
, (3)

with BrM the magnetic strength at the mid-

radius rM = (r1 + r2)/2. The electron E × B

drift is induced by the combined action of the

radial magnetic field and a prescribed constant

axial electric field Ez. To avoid refreshing ion

particles, the axial ion velocity uzi is assumed

constant and ions are only accelerated by the ra-

dial electric field Er = −∂φ/∂r, where the elec-

tric potential φ satisfies the Poisson’s equation

1

r

∂

∂r

(
r
∂φ

∂r

)
=

e

ε0
(ne − ni). (4)

The two boundary conditions required to solve

this equation are given at the outer wall (r = r2)

φ2 = 0, Er2 = − ∂φ

∂r

∣∣∣∣
r2

= −σ2
ε0
. (5)

The first condition sets the reference potential

at r2 and σ2 is the surface charge at the outer

wall. The surface charge is defined as

σl(t) = −
∫

jl · 1l dt, l = 1, 2. (6)

Here l distinguishes the two walls, jl is the

net electric current density at the plasma wall

boundary, and 1l is the wall normal versor point-

ing towards the plasma. The condition Er1 =

σ1/ε0 is automatically satisfied due to charge

conservation, as already discussed in Ref. [22].

Equation (4) is discretized with second-order

finite difference schemes. The resulting set of

linear equations is solved using the Thomas

tridiagonal algorithm [35]. Particle trajecto-

ries are propagated forward in time according to

the electric and magnetic forces acting on them.

Time integration is performed using the Boris-

Buneman Leapfrog algorithm [36]. The accurate

integration of the electron gyromotion is assured

by setting a timestep ∆t < 0.3ω−1pe , where ωpe

is the plasma frequency, which, in all simula-

tions, will be larger than the electron gyrofre-

quency ωce (see Table 1). The area weighting

algorithm of Ref. [36], including the corrected

nodal weighting volumes of Ref. [37] (for can-

cellation of cylindrical effects) is used to obtain

the plasma macroscopic properties at the radial

mesh nodes.

The dielectric walls behave as a sink for

both populations of macroparticles, electrons

and ions. Although ion recombination is not

4
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Type Description, symbol and units Value

Particle
population
settings

Initial number of ions and electrons ∼ 107000

Number of elementary particles per macroparticle 1.5 · 1010

Radially-averaged electron density, ne0 (1017m−3) 4

Initial electron temperature, Te0 (eV) 10

Initial ion temperature, Ti0 (eV) 1

Ion axial mean velocity, uzi (km/s) 10

Neutral
background

Initial neutral background density, nn0 (1017 m−3) 4

Neutral temperature, Tn (K) 700

Physical
parameters

Axial electric field, Ez (V/cm) 100

Magnetic field radial component at the mid-radius, BrM (G) 123.5

Inner radius, r1 (mm) 35

Outer radius, r2 (mm) 50

Numerical
parameters

Number of nodes, Nr (−) 1500

Grid spacing, ∆r (mm) 0.01

Timestep, ∆t, (ps) 5

Characteristic
plasma

magnitudes

Debye length, λD (mm) 0.031

Larmor radius, rL (mm) 0.804

Inverse plasma frequency, ω−1pe (ps) 28

Inverse gyrofrequency, ω−1ce (ps) 460

Table 1: Reference parameters for the 1Dr model. The characteristic plasma magnitudes are calculated
taking BrM , ne0, and T̄e = 6.82 eV, which are the steady state macroscopic magnitudes for Case N,
yielding the most restrictive values in terms of λD and rL.

directly simulated, the ICD adjustment of nn(t)

ultimately includes this phenomenon. The SEE

function produced by impacting electrons fol-

lows the intricate model of Ref. [38] includ-

ing three types of secondary electrons: elasti-

cally reflected (backscattered), inelastically re-

flected (rediffused) and those extracted from the

surface layers of the material (true-secondary).

For the sake of better understanding the main

physical phenomena, only true-secondary elec-

trons will be considered here; the more realis-

tic case, which includes backscattered and red-

iffused electrons, was discussed in Ref. [23]. At

low electron wall impact energies, Ee, the true-

secondary SEE yield follows approximately the

linear relation

δs(Ee) ' Ee/Ec, (7)

with Ec the cross-over energy, equal to 51.1 eV in

the simulations here, a value adequate to several

boron-nitride compounds. True-SEE is semi-

Maxwellian with an average energy of 2 eV [39].

Two different electron populations can be

distinguished when analyzing the VDFs and its

macroscopic moments: primary electrons (p,

bulk electron population) and secondary elec-

trons (s, emitted from the walls). Here, we

will follow the criterion or reassigning secondary

electrons to the primary electron population af-

ter a large angle (> 90 deg) Coulomb collision, a

collision with neutrals, or an equivalent anoma-

5
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lous scattering event.

Collisional processes implemented in the code

are: e-n elastic, excitation and ionization events,

following the MCC models of Refs. [40–42]; and

Coulomb e-e, i-i and e-i collisions, according to

the models of Refs. [43–46].

Electron anomalous cross-field transport is

simulated with two different phenomenologi-

cal models proposed previously in the litera-

ture: the isotropic (Case I) anomalous transport

model [27–30], which scatters electrons isotrop-

ically, and the anisotropic (Case A) anomalous

transport model [31,32], which only scatters the

electron velocity components perpendicular to

B. For any of them, a standard MCC algorithm

is implemented with a prescribed scattering fre-

quency νano.

Simulations for the Cases I and A, will

be compared with the case with no anoma-

lous transport (Case N), already used in Refs.

[22,23]. In addition, annular and quasiplanar ge-

ometries will be compared too in order to high-

light cylindrical macroscopic effects. To min-

imize changes in the code, cylindrical effects

are modified or eliminated in the simulations by

just including an offset distance, ro to both wall

radii, r1 and r2; a ’planar’ configuration corre-

sponds to ro � r2 − r1.

3 Profiles of main plasma mag-

nitudes

For all the simulations shown here xenon is

the propellant. The main input parameters are

summarized in Table 1. A uniform radial mesh

from r1 to r2 with a cell size smaller than the De-

bye length ∆r < λD is chosen. The macropar-

ticle weight has been calculated such that the

number of simulated particles is the same as in

Refs. [22,23], about 105 particles, corresponding

to ∼ 70 particles per cell, which yields an appro-

priate balance between accuracy and computa-

tional time. It has been checked that a larger

number of macroparticles reduces the PIC noise

without affecting the observed average trends

in the results. The timestep selected for inte-

gration is ∆t = 5 ps. For Cases I and A the

scattering frequency is νano = 0.01ωce, that is

ν̄ano ≈ 21.7 · 107 MHz (a bar over a magnitude

meaning a radial average, like for n̄e).

The total simulation time is 9 µs and

the steady-state results shown here are time-

averages of the last microsecond. The macro-

scopic magnitudes are obtained through the Ex-

tended Volumetric Weighting (EVW) algorithm

presented in Ref. [22]. Simulations start with

full Maxwellian distributions for electron and

ion macroparticles with temperatures Te0 = 10

eV and Ti0 = 1 eV, respectively, and identical

particle densities ne0 = n̄e = 4 · 107 m−3, thus

yielding an initial flat potential profile φ = 0.

The large electron currents collected at the walls

in the first timesteps build up negative surface

charge densities there. Electron repelling Debye

sheaths are then developed close to the walls

within 1µs of simulation time. At steady-state,

the net electric current to the walls become zero

and the surface charges remain constant (refer

to Eq. (6)).

Fig. 2 shows, for Cases N, I and A, at

the mid-radius location (M), the 1D normalized

electron VDFs

f̂ (r)e (vr) ∝
∫ ∞
−∞

∫ ∞
−∞

fe(v)dvθdvz,

f̂ (z)e (vz) ∝
∫ ∞
−∞

∫ ∞
−∞

fe(v)dvθdvr.

(8)

The plots for the three cases shows that, while

f̂
(z)
e (vz) corresponds to a Maxwellian function,

the tails of f̂
(r)
e (vr) are, on the one hand, de-

pleted due to electron collection at the two

lateral walls (W1 and W2) and, on the other

hand, partially replenished by particle scat-

tering from the several collision processes and

anomalous scattering. The depletion region

6
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Figure 2: Normalized electron VDF at the mid-
channel location (M) for Cases N, I and A.
The vertical lines denote the potential energy
difference from M to the walls, W1 and W2:
e∆φMW1 = e(φW1 − φM ), e∆φMW2 = e(φM −
φW2).

corresponds approximately to mev
2
r/2 larger

than e∆φMW1 ≡ e(φW1 − φM ) or e∆φMW2 ≡
e(φM − φW2). This depletion implies, of course,

anisotropy in the electron temperature, with the

B-parallel (i.e radial) temperature, Tre, smaller

than the B-perpendicular temperature, T⊥e, as

we will show later.

However, the anisotropy level is different for

the three cases due to the different electron scat-

tering processes. This is observed, first in the re-

plenishment level of the tails of f̂
(r)
e (vr) and on

the relative slopes of ln(f̂
(r)
e ) and ln(f̂

(z)
e ) close

to the maximum at v ' 0. Large isotropic scat-

tering in Case I contributes to the velocity trans-

fer between the B-parallel and B-perpendicular

directions, thus favoring the isotropization of

the electron VDF. On the contrary, the large

anisotropic scattering in Case A limits severely

that transfer. This point is further analyzed in

Sec. 6.

All macroscopic magnitudes characterizing

the electron population presented hereafter

are obtained by taking moments of the non-

Maxwellian electron VDF computed from the

kinetic solution. Table 2 compares the results

for Cases N, I and A, in terms of macroscopic

magnitudes and Fig. 3 plots radial profiles of rel-

evant plasma magnitudes once the steady state

has been reached.

Figs. 3 (a) and (b) show the two elec-

tron temperatures, Tre and T⊥e. The relative

anisotropy Tre/T⊥e is ∼ 0.6 for Case N, ∼ 0.8

for I, and ∼ 0.2 − 0.6 for A. The next observa-

tion, also anticipated by Fig. 2, is that anoma-

lous scattering model has a large impact on the

electron heating: temperatures are significantly

higher in Cases I and A. The most singular result

is the large radial asymmetry in T⊥e for Case A,

which would be caused by the combination of

the anisotropic scattering of the electrons and

the radial asymmetry of the electron heating, as

shown in Sec. 5.

Electric potential profiles in Fig. 3(c),

present their characteristic electron-confining

shapes, with well-distinguished Debye sheaths

7
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Figure 3: Radial profiles for Cases N, I and A of (a) B-parallel (i.e. radial) electron temperature Tre;
(b) B-perpendicular electron temperature T⊥e; (c) electric potential, φ; (d) ion radial current density,
jri; (e) electron density, ne; and (f) secondary electron density, ns. Star markers in (c) indicate the
locations where the ion fluid velocity becomes sonic, considered as inner and outer sheath edges, Q1

and Q2.

near the walls, and their radial variations are

proportional to Tre. The radial ion current, jri

in Fig 3(d), satisfies the ion continuity equa-

tion (1). Since n̄e was chosen the same in the

three cases, differences in magnitude and asym-

metry on jri are due to variations on the mean

ion velocity, and this one is proportional to the

square root of Tre. Indeed, the stars plotted in

Fig. 3(c), corresponds to the ion sonic condition

uri =
√
Tre/mi, with mi the ion atomic mass,

8
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Type and units Symbol N I A

Anomalous scattering (−) νano/ωce 0 0.01 (i) 0.01 (a)

Axial electron current (A) Ize 0.25 2.26 2.34

Current ratio (−) |Iθe|/Ize 844 93 90

Neutral density (1017 m−3) nn 62.5 25.6 21.4

Secondary electron density ratio (−) n̄s2/n̄s1 3.7 5.2 46.2

Re-collection fraction of
secondary electrons (%)

s to W1 11 16 7
s to W2 5 15 13
s to p 84 68 80

Electric potential (V)

φW1 2.5 0.2 −1.9
φQ1 16.5 75.3 37.6
φM 19.7 93.9 45.5
φQ2 15.6 72.9 35.2
φW2 0.0 0.0 0.0

Electron temperature (eV)
Te,Q1 6.1 28.5 18.0
Te,M 7.0 31.2 26.7
Te,Q2 6.9 31.0 38.5

Collision frequency (MHz)

ν̄ano 0 21.7 21.7
ν̄col 2.26 0.57 0.52
ν̄en 1.88 0.46 0.41
ν̄ei 0.38 0.11 0.11

Energy balance
contributions (W/cm)

PEz 25 226 234
PEr −8 −86 −31
Pcol −10 −16 −12
Pwall 8 124 193

Table 2: Values of main parameters characterizing the steady-state discharge. Invariant parameters
for Cases N, I and A: BrM ' 124 G (ωceM = 2.17 · 109 rad/s), Ez = 100 V/cm, Izi ' 2.58 A,
n̄e = 4 · 1017 m−3.

which are considered the locations of the sheath

edges, named Q1 and Q2.

Electron density profiles are plotted in Fig.

3(e). The electron density profile depends

mainly on φ and the two electron temperatures,

through the radial momentum balance [22],

Tre
∂ lnne
∂r

− ∂

∂r
(eφ− Tre) '

1

r
(T⊥e − Tre +meu

2
θe) > 0;

(9)

where collisional and anomalous scatterings are

negligible. The outwards shift of the maxi-

mum density increases with the temperature

anisotropy, which explains the relative shapes

of Cases N, I and A. In particular the asym-

metry of ne for Case A is related to the one in

T⊥e. Since the three simulations have been set

to have the same n̄e, the required steady-state

neutral density, nn, listed in Table 2, decreases

for increasing Te, to assure the same production

rate of electrons.

The secondary electron density, ns, with con-

tributions from the two counterstreaming beams

is shown in Fig. 3(f), and it is, in all cases,

at least one order of magnitude lower than the

density of primary electrons. Therefore, true-

secondary electrons influence little the response

in the plasma bulk. The stationary value of ns

results from the balance between wall-emission,

wall-recollection, and transferring to primary

population after large-angle collisions. Table

2 shows that wall recollection amounts only to
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16%-32%, depending on the cases, and it can be

largely asymmetric in each wall, as in Case A.

Indeed, the contribution to ns from emission by

each wall is asymmetric too, with n̄s2/n̄s1 rang-

ing from 3.7 to 5.2 and 46.2, for Cases N, I and

A respectively. The fact that SEE is partially

recollected and partly transferred to the pri-

mary constitutes an issue when trying to model

macroscopically the electron population. Fluid

models generally adopt the collisional-limit as-

sumption and transfers all SEE to the primary

population when entering into the plasma bulk

(e.g. see [4, 47]).

4 Electron momentum equa-

tion and axial electron cur-

rent

Once reached the steady state, the integral

moments of the electron VDF fulfill the momen-

tum equation

0 = −ene(E+ue×B)−∇· ¯̄M+Fcol+Fano, (10)

where: ue is the macroscopic electron velocity,

Fcol ≡ Fen + Fei is the resistive force, result-

ing from collisions of electrons with neutrals and

ions; Fano is the resultant force from anomalous

transport of individual electrons; and

¯̄M = me

∫
vvfe(v)dv ≡ ¯̄U + ¯̄P (11)

is the (symmetric) momentum flux tensor for

electrons, with the contribution of the momen-

tum convection, ¯̄U = meneueue, and the pres-

sure tensor ¯̄P = me

∫
ccfe(v)dv, with c =

v−ue. For sake of lightening the notation the ‘e’

subscript is being omitted in all electron tensor

magnitudes.
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Figure 4: Radial profiles of the non-diagonal
components of tensors ¯̄U and ¯̄P , in mPa, for
Cases (a) N, (b) I and (c) A. All plots do not
have the same vertical scale.
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4.1 The gyroviscous pressure tensor

In the 1Dr model, the divergence of ¯̄M re-

duces to

∇ · ¯̄M =

[
1

r

∂

∂r
(rMrr)−

Mθθ

r

]
1r+

1

r2
∂

∂r
(r2Mrθ)1θ +

1

r

∂

∂r
(rMrz)1z.

(12)

Non-diagonal terms of ¯̄P are typically 2-3 orders

of magnitude smaller than diagonal terms. How-

ever, Eq. (12) shows that in the azimuthal and

axial directions, only non-diagonal terms con-

tribute to ∇ · ¯̄M and cannot be neglected a pri-

ori. In all simulations here ¯̄U is subdominant

in ¯̄M compared to ¯̄P . Figure 4 plots the non-

diagonal components of ¯̄U and ¯̄P for the three

cases; those that can be more relevant in Eq.

(10) are Prz and Prθ.

The pressure tensor has the known expres-

sion for weakly-collisional magnetized fluid in

the finite-Larmor-radius expansion [10]:

¯̄P = ¯̄PGT + ¯̄PGV , (13)

with ¯̄PGT being the diagonal, anisotropic, gy-

rotropic part, and ¯̄PGV the small, nondiagonal,

gyroviscous part. The relative order between

gyroviscous and gyrotropic parts scales with the

ratio between the electron Larmor radius and

the channel width. For this low-collisionality

plasma, the steady-state undulating profiles of

the gyroviscous contributions Prz and Prθ, and

their ∼ 90 deg phase shift are indeed signatures

of the macroscopic averaging of the individual

gyroorbits of electrons.

4.2 The perpendicular electron cur-

rents

In the radial component of Eq. (10), the mag-

netic force is null and the electric force is prefer-

entially balanced by the momentum flux term,

leading to Eq. (9) commented in Sec. 3. In the

axial momentum equation, the electric and mag-

netic force dominate over the other three forces,

including (∇ · ¯̄M)z, leading to

uθe(r) ' Ez/Br(r). (14)

The radial integration of the azimuthal current

density yields the azimuthal current

Iθe = −2πe

∫ r2

r1

neuθerdr ' −e
Ez
BrM

n̄eSc, (15)

with Sc = π(r22 − r21) the channel cross-section

area. For the three cases, |Iθe| is almost identical

and equal to ∼ 210 A.

The azimuthal momentum equation does not

include an electric force or a gyrotropic pressure

gradient, so the magnetic force can only be com-

pensated by ‘small’ forces: collisions, anomalous

scattering, or gyroviscous gradients. Solving for

the axial current density yields

jze = −eneuze =
1

Br

[
(∇ · ¯̄M)θ

− Fθ,col − Fθ,ano
]
. (16)

The collisional force (with electron-neutral

and electron-ion contributions: Fθ,col = Fθ,en +

Fθ,ei) and the anomalous force can be expressed

as Fθ,k = −meneuθeνk, with k = en, ei, ano.

While νano is imposed, the effective momentum-

transfer frequencies, νei and νen, are obtained

from integration of the VDF-related terms. Ra-

dially averaged values of these frequencies, given

in Table 2 shows that collisional frequencies

are much smaller than the anomalous scatter-

ing one, explaining that in the simulations here

anomalous transport is dominant when it is

switched on. Fig. 5 plots the different azimuthal

forces contributing to Eq. (16). In the three

cases, the gyroviscous contribution transmits its

radially undulating character to jze(r). Further-

more, gyroviscous gradients are clearly domi-
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nant in Case N and of dominant order in Case

A.
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(∇ · ¯̄M)θ
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(c) Case A

Figure 5: Individual contributions to the az-
imuthal electron momentum equation in Eq.
(16), in N/m3, for Cases (a) N, (b) I and (c)
A.

The radial integration of Eq. (16) yields

Ize = 2π

∫ r2

r1

jzerdr '
2π

BrMrM

(
r2Prθ

∣∣r2
r1

−
∫ r2

r1

r2Fθ,col dr −
∫ r2

r1

r2Fθ,ano dr

)
. (17)

The inclusion of anomalous scattering changes

Ize from about 0.25 A in Case N to about 2.3

A in Cases I and A (refer to Table 2). This

ten-times increment decreases the effective Hall

parameter from |Iθe|/Ize ∼ 844 to the more re-

alistic value of |Iθe|/Ize ∼ 90.

The analysis of the different contributions to

Ize in Eq. (17) reveals that, while the undulating

gyroviscous term in Eq. (16) contributes much

to jze(r), its radially integrated contribution to

Ize is small: 13%, 6 % and 9 % for Cases N, I

and A, respectively. Therefore, the axial current

is driven mainly by either collisionality, as for

Case N (with Fθ,ano = 0), or anomalous effects,

as for Cases I and A, (with Fθ,ano � Fθ,col),

for which the effective Hall parameter satisfies

approximately

Iθe
Ize
' − ωce

νano
. (18)

4.3 Further analysis of jze undulations

This Section attempts to deepen in the un-

derstanding of the standing radial undulations

and asymmetries of jze. Case A is taken as

reference since asymmetries of jze and T⊥e are

largest. Fig. 6 checks, first, the accuracy of the

numerical results by showing that the profiles of

jze and T⊥e are the same in the reference case

and in a simulation featuring half the timestep.

The spatial resolution of these simulations is also

sufficient: for instance, between the outer wall

and the first minimum of jze in Fig. 6(a) there

are 20 radial nodes.

Second, Fig. 6 compares annular and planar

scenarios. It shows that the asymmetries of jze

and T⊥e disappear in the planar scenario. At

12

Page 12 of 24AUTHOR SUBMITTED MANUSCRIPT - PSST-104662.R1

Acc
ep

ted
 M

an
us

cri
pt



the same time, the axial current Ize changes lit-

tle: from 2.34 A for the annular case to 2.17A

for the planar one. However, T⊥e is larger in

the planar case, due to the lack of magnetic

mirror and other cylindrical effects, implying a

lower energy transfer between B-parallel and B-

perpendicular directions.

Fig. 7 (a) plots the radial undulations of

the jze normalized with Ize/Sc. The compari-

son of the two cases with anomalous transport,

A and I, shows that the isotropic scattering of

Case I yields much smaller undulations than the

anisotropic scattering of Case A. At the same

time, the relative undulations of Cases N and A

3.5 4.0 4.5 5.0
−4000

−2000

0

2000

4000
(a) jze (A/m2)

Reference

∆t/2

Planar

3.5 4.0 4.5 5.0
r (cm)

20

40

60

80

(b) T⊥e (eV)

Figure 6: Comparison of radial profiles of (a)
jze and (b) T⊥e for three simulations of Case
A: (blue line with triangle-up marker) reference
simulation, (brown line with pentagon marker)
simulation with halved timestep, and (cyan line
with triangle-left marker) simulation of a planar
(i.e., ro = 1 km) geometry.

are of the same order, in spite of Ize being ten

times lower without anomalous transport, so un-

dulations of jze scale roughly with Ize for these

two cases. These results are consistent with Fig.

5, where we found that isotropic scattering re-

duces much the gyroviscous term relative to the

axial current.

Figure 7(b) compares jze from the reference

Case A with the results from two off-reference

cases. In the first off-reference simulation the

magnetic field strength is doubled (but keeping

uθe ' Ez/Br the same). This halves the electron

gyroradius and should reduce the wavelength of

3.5 4.0 4.5 5.0
−7.5

−5.0

−2.5

0.0

2.5

5.0

7.5
(a) (Sc jze − Ize)/Ize (−)

Case N

Case I

Case A

3.5 4.0 4.5 5.0
r (cm)

−7500

−5000

−2500

0

2500

5000
(b) jze (A/m2)

Reference

No SEE

Double Br and Ez

Figure 7: (a) Normalized axial electron current
density profiles for Cases N, I and A. (b) Axial
electron current density for three simulations of
Case A: (blue line and triangle-up marker) ref-
erence simulation, (magenta line and triangle-
right marker) simulation without SEE, and (or-
ange line and triangle-down marker) simulation
with double values for Br and Ez.
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the radial undulations on Prθ and jze by a sim-

ilar proportion, as Fig. 7(b) confirms (see the

orange line with triangle-down marker). Indeed,

these undulations of jze remind much of those

observed experimentally by Bugrova and Moro-

zov (see for instance Fig. 6 in Ref. [12]) and

termed NWC, including the fact that the first

peak of jze shifts away from the outer wall as

the magnetic field decreases. Bugrova and Mo-

rozov attributed the undulations to the loss of

drift velocity of the magnetized electrons when

interacting with the walls though either a diffu-

sive or quasispecular scattering process. Other

studies have reported NWC effects due to the ex-

change of magnetized primary electrons by sec-

ondary electrons entering unmagnetized into the

plasma bulk [34, 48, 49]. In order to clarify this

aspect, a second off-reference simulation featur-

ing no SEE from the walls is shown in Fig 7(b)

(magenta line with triangle-right marker). In

this case, the amplitude of the radial undula-

tions of jze(r) enhances mildly, without major

qualitative changes. Therefore, in this cylindri-

cal scenario the undulations of jze(r) are largely

dominated by primary electrons and are persis-

tent in simulations without SEE.

Figure 6(a) showed that the undulations in

jze attenuate significantly in a planar scenario.

In order to understand this, Fig. 8 shows how

the contributions of primary and secondary elec-

trons to Prθ are modified as the geometrical con-

figuration evolves to planar. In the annular case

Prθ is large and dominated by primary electrons,

but this contribution becomes fully negligible in

the planar case. On the contrary, the contri-

bution of secondary electrons to Prθ is little af-

fected by the geometry, becomes dominant in

the planar case, and explains the low-amplitude

undulations of jze in Fig. 6(a). This is more

similar to the NWC described by Bugrova and

Morozov, and is expected to become dominant

for SEE yields close to 1, where secondary elec-
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(a) Prθ (mPa) - primary
ro = 0
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Figure 8: Radial profiles of Prθ in mPa of (a)
the primary and (b) the secondary electron pop-
ulations for Case A and channels with different
offset radii, ro.

trons would be much more numerous.

5 Electron energy balance

In the stationary state, the integral velocity

moments of the kinetic solution satisfies the elec-

tron energy equation

∇ ·He ≡
1

r

d(rHre)

dr
= P ′col + P ′Ez

+ P ′Er
, (19)

where: He =
∫

(mev
2/2)vfe(v)dv is the flux

of total electron energy and Hre is its radial

component; the axial injection of energy is zero

in the simulations here; P ′col are losses due to

inelastic (ionization and excitation) collisions;

P ′Ez
= jzeEz (positive, in general) and P ′Er

=
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jreEr (negative) are the two components of the

work of the electric field. Since anomalous colli-

sions are modelled as elastic scattering collision

events, there is not an specific source or sink of

energy in Eq. (19) associated to them. Instead,

the contribution of the anomalous transport is

contained in work of the electric field.
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Figure 9: Individual contributions to the elec-
tron energy equation in Eq. (19) in W/cm3 for
Cases (a) N, (b) I and (c) A.

Figure 9 shows, for Cases N, I and A, the ra-

dial distribution of the power terms on the right

side of Eq. (19). The negative collisional contri-

bution P ′col is rather marginal for all cases. Since

Ez is constant, the undulating and asymmetric

profile of P ′Ez
is the same than the one of jze.

The negative work of Er on electrons, P ′Er
, is

concentrated almost exclusively within the two

sheaths. In Cases I and A the anomalous surplus

of P ′Ez
is invested in heating the electrons.

Integrating radially Eq. (19) yields the global

energy balance in the radial cross-section under

analysis,

Pwall ≡ 2π
[
rHre

]r2
r1

= Pcol + PEz + PEr , (20)

where Pwall is the net power deposited into the

(two) walls, and the meaning of the rest of terms

is immediate. The electron energy source here

is the work of the axial electric field, PEz , which

is spent among the three other sink terms phe-

nomena, i.e. PEz = Pwall + |Pcol| + |PEr |. Ta-

ble 2 shows that, in Case N, PEz is small and

spent more or less similarly among the three en-

ergy sinks (inelastic collisions, negative work of

Er, and walls). In Cases I and A, PEz is about

ten times larger as corresponds to the ten times

higher Ize.

In Cases I and A, the surplus of PEz goes

to electron heating and eventually to Pwall. In

Case A, with no parallel electron scattering, Tre

is smaller than in Case I, explaining that the

sheath potential drop and PEr are lower too.

Finally Table 2 shows that Pcol is marginal in

Cases I and A, but not in Case N.

5.1 Gyroviscous energy flux and heat

flux

In order to understand the different macro-

scopic contributions to the electron total energy

flux He, this is decomposed in the classical way
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for a monoatomic gas:

He =
(1

2
meu

2
ene +

1

2
trace ¯̄P

)
ue + ¯̄P · ue + qe,

(21)

where qe =
∫

(mec
2/2)cfe(v)dv is the heat flux.

The radial flux of electron energy, the only one

of interest here, can be reduced to

Hre ' hre + qre + Prθuθe, (22)

where hre = (3Tre/2 + T⊥e)neure is the en-

thalpy radial flux for an anisotropic fluid, and

Prθuθe is the gyroviscous energy flux. This last

contribution matters here because Prθ 6= 0 and

uθe � ure, uze. However, a second gyroviscous

energy flux term, Przuze, and the mechanical en-

ergy (i.e. fluid flow energy) flux, neuremeu
2
e/2,

could be neglected in Eq. (22).

Figure 10 plots the radial distribution of Hre

and its three main contributions in Eq. (22).

The net energy source, i.e. the right side of Eq.

(19), makes that Hre has different orders of mag-

nitude for Case N and Cases I and A. The gy-

roviscous energy flux, Prθuθe, turns out to be

the main local contribution in Case N, while the

heat flux, qre, becomes the main one for Cases

I and A. In the three cases the undulations of

Hre are due to Prθuθe. This behavior of Hre,

obtained from the kinetic solution, differs from

the one considered usually by macroscopic mod-

els, which: neglect the gyroviscous energy flux

Prθuθe, give a leading role to the enthalpy flux

hre, and assume a Fourier-like closure law for

qre. This last aspect is discussed next.

The radial heat flux (i.e. parallel to the mag-

netic lines) does not follow the conduction-type

Fourier law typical of collisional fluids, i.e. it is

not proportional to −∂Te/∂r. Instead in Cases

N it is found that qre ' hre, approximately. For

Cases I and A (and leaving aside the central re-

gion where both qre and hre cross zero) a simi-

lar behavior is observed: now the ratio qre/hre

is larger but, because of the large asymmetry,
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Figure 10: Individual contributions to the ra-
dial flux of total electron energy [Eq. (22)] in
W/cm2, for Cases (a) N, (b) I and (c) A.

is not constant. This convection-type behav-

ior of the heat flux seems common to weakly-

collisional plasmas and was first suggested in

studies of plasma-laser interaction and tokamak

divertors [13–15]. More recently, the same be-

havior has been found and discussed in kinetic
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Figure 11: Radial profile of the ratio of the elec-
tron heat versus enthalpy radial fluxes for a pla-
nar channel. The horizontal dotted lines are the
average values in the domain for the different
cases: qre/hre = 0.59, 1.4, and 3.0 for Cases N,
I and A, respectively.

simulations of a plasma expanding in a paraxial

magnetic nozzle [16,17].

The planar channel configuration makes the

analysis of the heat flux more amenable since,

on the one hand, hre and qre change sign si-

multaneously at the channel mid-radius and, on

the other hand, the gyroviscous energy flux is

marginal. Figure 11 plots the ratio qre/hre for

the three planar cases yielding values of ∼ 0.6,

1.4 and 3 for Cases N, I and A, respectively.

Therefore, a convective-type law of the form

qre = αrhre, (23)

with αr a constant (which implies that the third-

order velocity moment of the electron VDF is

proportional to the product of the first and sec-

ond order moments), is a suitable approximation

for the heat flux along the magnetic lines in this

weakly-collisional planar plasma too. Still αr

depends much on the electron diffusion mech-

anisms. Finally, for the annular configuration,

there is not a constant αr satisfying even ap-

proximately Eq. (23), but on average the ratio

qre/hre is about twice larger than in planar ge-

ometry.

6 Electron fluxes to walls

For a near-Maxwellian electron VDF in front

of a wall W (the subscripts 1 and 2 referring to

each wall are omitted in this Section’s formulas

for sake of simplicity), surrounded by a Debye

sheath WQ, being Q the sheath edge, the elec-

tron current density towards the wall is

j∗reW = eneQ exp

(
−eφWQ

TeQ

)√
TeQ

2πme
, (24)

where φWQ is the sheath potential fall and the

energy flux deposited into the wall is

H∗reW = E∗eW j∗reW /e, (25)

with

E∗eW = 2TeQ +meu
2
eW /2 (26)

(in all simulations here the last contribution is

small, so E∗eW ' 2TeQ). These standard re-

sults are compared next with those ones result-

ing from the partially-depleted electron VDFs of

the simulations here.

First, the values for j∗reW and E∗reW at each

wall are computed with Te = (Tre + 2T⊥e)/3

at each sheath edge. Next, Table 3 yields the

electron current density to each wall, j
(tw)
reW , and

the ratio

σrp = |j(tw)reW |/j∗reW . (27)

This is a measure of the replenishment fraction

of the VDF’s tail near the wall, similar to the one

used in analytical sheath models [19], and is a

parameter used by macroscopic electron models

in hybrid codes, to assess electron-wall interac-

tion [7,50–52]. Here, the replenishment fraction

is rather low (about 4-6%) for Cases N and A

but increases by 2-3 times in Case I, implying

that anomalous isotropic scattering is able to

bring more electrons into the VDF’s tail of wall-
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Type and units Symbol N I A

ANNULAR CHANNEL

Current densities to walls (A/m2)
|j(tw)reW1| 82 345 133

|j(tw)reW2| 127 665 950

Average electron impact energy
(eV)

EeW1 8.3 30.1 14.9
EeW2 16.5 50.1 65.0

SEE yields (−)
〈δs,1〉 0.16 0.46 0.26
〈δs,2〉 0.30 0.72 0.83

Electron current density ratio (−) σrp1 0.05 0.13 0.05
σrp2 0.06 0.18 0.04

Electron energy ratio (−) Θ1 0.62 0.52 0.40
Θ2 1.01 0.78 0.82

PLANAR CHANNEL

SEE yields (−) 〈δs〉 0.22 0.63 0.79

Electron current density ratio (−) σrp 0.03 0.12 0.01

Electron energy ratio (−) Θ 0.77 0.67 0.70

Table 3: Electron-wall interaction magnitudes for cylindrical and planar configurations.

collectable electrons; this larger replenishment

in Case I was already observed in Fig. 2.

Next, Table 3 shows, at each wall, the aver-

age impact energy per electron, EeW -obtained

from the quotient between the energy and par-

ticle fluxes to the wall- and the energy ratio

Θ = EeW /E∗eW ; (28)

σrp and Θ are two parameters proposed to char-

acterize non-Maxwellian VDF effects in macro-

scopic models. As foreseeable, EeW increases

with the average electron temperature and Θ =

O(1); nonetheless, large differences are observed

in Θ among the different cases and walls (from

0.4 to 1.0) and Θ is always greater in the outer

wall.

A third dimensionless parameter is the effec-

tive SEE yield, which is the ratio between elec-

tron currents from and to the wall,

〈δs〉 =
|j(fw)reW |
|j(tw)reW |

; (29)

thus, the net electron current to a wall is

|jreW | = |j(tw)reW |(1 − 〈δs〉). This collective SEE

yield increases with EeW but with a smaller

growth rate than Eq. (7). Since the electron

temperature is higher in Cases I and A, the val-

ues of EeW and 〈δs〉 are greater than in Case

N. The larges asymmetries in EeW and 〈δs〉 for

Case A are related to the one in Te (mainly due

to T⊥e, see Fig. 3(b)). The results of 〈δs〉 for

Cases N, I and A range from 0.16− 0.83, which

are below the space charge saturation regime,

estimated at 〈δs〉 ' 0.98.

Finally, Table 3 presents the previously de-

fined dimensionless parameters for the three

cases in a planar configuration. Since planar

cases are radially-symmetric (which have been

checked), the values are shown for one wall only.

The replenishment ratio is lower in planar than

in cylindrical simulations. This suggests that

there are other effects (e.g. electron inertia and

magnetic mirror), apart from collisions, playing

an important role in the replenishment of the ra-

dial electron VDF high energy tail. Nonetheless,

Case I is still the one reporting the highest value

for σrp, as in cylindrical scenarios. The impact

energy ratio exhibits a much lower variability in

planar scenarios, with Θ about 0.67− 0.77, thus
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implying EeW /TeQ ∼ 1.3− 1.5.

7 Summary and final discus-

sion

The 1D radial kinetic model of the plasma

discharge in a Hall thruster has determined

the stationary VDFs of ions and electrons be-

tween the HET lateral walls. The study has

been mainly focused on the electron VDF, which

presents partially-depleted tails on the radial ve-

locity, due to wall collection and weak collision-

ality, thus creating anisotropy in the (macro-

scopic) electron temperatures. The integral ve-

locity moments of the electron VDF determine

the macroscopic electron magnitudes, and have

allowed to discuss the macroscopic momentum

and energy equations they fulfill.

Isotropic and anisotropic phenomenological

models of anomalous transport have been in-

cluded to reproduce more realistic values of the

electron cross-field (i.e. axial) electron currents.

Since anomalous scattering heats the electrons,

it turns out to have a significant effect in radial

dynamics and magnitudes too. Planar and an-

nular chamber configurations have been consid-

ered. In the latter, large radial asymmetries are

observed in several magnitudes, and these are

generally enhanced with anisotropic anomalous

scattering.

The azimuthal momentum component, which

determines the axial electron current, has the

particularity of involving only small forces (col-

lisions, electron-inertia, anomalous transport) to

compensate the magnetic force. The novelty is

the relevance of a gyroviscous term Prθ, whose

gradients can lead to large, standing, radial un-

dulations on jze, except for the isotropic scatter-

ing Case I. Gyroviscosity terms are one of the

collective remains of averaging on electron gy-

roorbits, which explains that for Case A these

undulations are much stronger in a cylindrical

configuration, with a varying magnetic strength,

than in a planar one. Furthermore, in planar

scenarios the undulations in jze are dominated

by secondary electrons instead of by primary

ones. Finally, it is suggested that the undula-

tions in jze are related to the near-wall conduc-

tivity of Morozov and Bugrova. In all cases and

configurations, when integrating radially jze, the

contribution of gyroviscosity to Ize is marginal.

The electron energy balance has shown how

the (positive) work of the axial electric field is

spent to sustain the (negative) work of the ra-

dial electric field (in the Debye sheaths mostly),

the energy deposited into the walls, and the one

dissipated by collisions. Then, the electron en-

ergy radial (i.e. B-parallel) flux obtained from

the kinetic solution has been split into the usual

macroscopic contributions, considering electrons

as a monoatomic anisotropic gas: the flux of me-

chanical energy (i.e. fluid flow energy), negligi-

ble in all cases here, the flux of enthalpy hre,

the heat flux qre, and the gyroviscous energy

flux. It was found that these two last terms

can be of dominant order, which indeed is not

the common situation postulated in fluid mod-

els. This gyroviscous energy flux, due mainly

to Prθuθe, is relevant because of the drift veloc-

ity uθe ' Ez/Br being large compared to other

components. With respect to the parallel heat

flux it has been shown to fulfill, as in other low-

collisionality plasmas, a convective type law in-

stead of the conventional conductive one. Since

the heat flux is affected by the replenishment

level of the VDF tail, the ratio qre/hre depends

on the anomalous scattering model. Interest-

ingly, near-constant ratios could be found for

planar channels.

Electron-wall interaction magnitudes were

evaluated. Particle and energy fluxes are much

smaller than for a Maxwellian VDF (with fully

populates tails). Two parameters, σrp and Θ,

were defined in order to quantify these non-
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Maxwellian fluxes and to be used in fluid elec-

tron models. The first of these parameters, the

replenishment fraction, is larger for an annu-

lar channel, indicating that the inhomogeneities

present in this case favor velocity scattering in

the VDF.

The kinetic model, being 1D in space, has

required to make educated assumptions on sev-

eral frozen magnitudes. The extension to a 2D

axial-radial kinetic model will confirm (or mod-

ify) both those assumptions and the 1D results,

and will allow to formulate a kinetically-based

2D electron fluid model in HET. Several magni-

tudes are under scrutiny. First, the best suited

conductive or convective laws to model parallel

and perpendicular heat fluxes, these last ones

being absent in the current 1D model. Heat

fluxes are known to be rather important in char-

acterizing the 2D maps of Te and φ in HET dis-

charges [7,53]. Second, the combination of axial

and radial dynamics could alter the gyrotropic

and gyroviscous contributions of the pressure

tensor obtained here, which are also affected by

how anisotropic the anomalous transport is. It

is noted that electron fluid models rely generally

on an isotropic diagonal pressure tensor. And

third, it would be very helpful to achieve case-

independent laws for the parameters character-

izing the electron-wall interaction.

A problem of different nature is the con-

sistent characterization of turbulence-based

anomalous transport, which requires kinetic

models solving for the azimuthal direction too.

There are many efforts in that direction [54,55].

Our contribution to this subject here has been

reduced to highlight that anomalous transport

affects indirectly radial dynamics too, and these

effects could differ depending on whether the ve-

locity diffusion in the phase space is isotropic or

anisotropic.
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