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Different transport mechanisms in a magnetized radio-frequency plasma discharge in the
IShTAR1 device are compared. The total cross-field particle transport systematically shows
the best agreement with the turbulent diffusion. Also, the ion mobility dominated transport
could substantially contribute to radial losses. The relative role of parallel and perpendicular
losses in the overall particle losses is also compared. The total perpendicular particle losses
are comparable or even larger than the parallel ones, imposing a practical limitation on
achieving high density plasma by a simple multiplication in the number of helicon antennae.
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I. INTRODUCTION

The key step in the development of a new plasma
source is the estimation of typical plasma parameters
achieved for a given absorbed power P , neutral gas pres-
sure p and an external magnetic field B. Understanding
the main transport mechanisms which govern the parti-
cle losses is the key step showing routes for the design
optimization. The transport in the magnetized plasma
cylinder could be governed either by the mobility, dif-
fusion (collisional or turbulent) or free-fall mechanisms
depending on the ion mean free path λi, strength of the
magnetic field, length L and radius R of the cylinder,
whether the side and/or end walls are conducting or di-
electric. Meanwhile, the collisional transport in magnetic
field is anisotropic and is based on the difference between
the diffusion Di,e and mobility µi,e coefficients for elec-
trons and ions across and along the magnetic field. For
relatively low neutral gas pressure such that λi & R,L,
the collissionless free-fall regime will be established along
B and for relatively strong magnetic fields such that ion
larmor radius ρi � λi the cross-field transport will be
significantly suppressed. In this work we are not aiming
to consider all transport regimes which could generally
be realised in a magnetized plasma column. We focus
instead only on those regimes which present most prac-
tical interest for particular conditions of magnetized he-
licon discharge plasmas. Readers interested in a broader
understanding of different transport mechanisms are re-
ferred to several extensive review on this topic2–4. In
the low-temperature helicon plasmas typically used in
the laboratory experiments and industry the neutral gas
pressure p varies in the range from 0.1− 1 Pa, magnetic
field B in the range from 1− 100 mT , cylinder radius R
between 3 − 20 cm. The typically achieved λi ∼ 7 mm,
ρi ∼ 3 mm, electron Larmour radius ρe ∼ 0.1 mm.
Also, ions are typically only weakly magnetized , i.e.
the ion-neutrals collision frequency νi is comparable or
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higher than the ion gyrofrequency νi ∼ fci. For instance
at IShTAR typically νi ∼ 58 kHz and fci ∼ 37 kHz.
At these conditions the characteristic radial step size in
the random walk ansatz (which is either λi, ρi or ρe)
is usually . R,L and cross-field particle transport will
be governed by collisions or turbulence rather than by
collissionless free-fall. The question here is which colli-
sional transport mechanisms play the dominant role in
the cross-field transport. Meanwhile, which relative con-
tribution of the perpendicular and parallel transports to
the overall particle loss. The purpose of this work is
to compare and demostrate the relative contribution of
different transport mechanisms as well as the role of par-
allel and cross-field transports on the example of helicon
plasma discharge at the IShTAR experiment.

II. DESCRIPTION OF THE EXPERIMENTAL SETUP

All measurements presented in this work have been
done in the plasma source module of the IShTAR test
facility. The plasma source module is composed of a left-
handed half turn helical antenna wrapped around the
quartz vacuum vessel (R = 0.2 m and L = 1 m) and
permeated by an approximately uniform magnetic field.
The strength of magnetic field B can be set in the range
from 0 − 64 mT . The antenna is 64 cm long and 44 cm
in diameter. It launches fast and slow wave components
and has such a helicity that it launches m = +1 heli-
con waves anti-parallel to the B direction and m = −1
waves parallel to B. The measurements have been done
for different neutral argon Ar gas pressures in the range
0.8− 1.4× 10−3 mbar. The experiment is equipped with
a positioning system enabling a one-dimensional scan in
the radial direction with a spatial precision of ≈ 2mm.
All results presented in this work has been obtained us-
ing single Langmuir probe measurements. The probe has
been installed on the positioning system using an ad-
ditional axial shaft to position the probe at a required
axial location inside the plasma source. The typically
achieved plasma density n in the plasma source lies in
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the range of n ∼ 4 1017m−3 and typical electron temper-
ature Te ∼ 5 eV . The detailed description of the IShTAR
test facility can be found in Ref.1.

III. DIFFERENT MECHANISMS OF PARTICLE
TRANSPORT

In this section several transport mechanisms will be
considered wich could hypothetically contribute to the
cross-field plasma transport. First, the general concept
of a particle transport without a magnetic field will be
considered. The particle transport can be either caused
by particle collisions or it can collisionless. The collisional
transport for specie α = e, i is expressed in the following
form:

Γα = ±µαnE −Dα∇n. (1)

Here index α corresponds to electrons e or ions i; Γα is
the flux of particles; µα and Dα are mobility and diffusion
coefficients; n is the plasma density; E is the electric field.
The diffusion and mobility coefficients for electrons and
ions are defined by

Di =
kBTi
νi

µi =
e

Mνi
(2)

De =
kBTe
νe

µe =
e

meνe
, (3)

where νi and νe designate the ion and electron total col-
lision frequency. In practice, for the typical helicon dis-
charge conditions the ion-neutral collisions are predomi-
nant for ions νi ≈ νia. For electrons both electron-neutral
and electron-ion collisions should be taken into account.
The collisional ambipolar transport in the chamber with
a dielectric wall requires that

Γi = Γe. (4)

This is the condition for the formation of the ambipolar
electric field

Ea =
Di −De

µi + µe

∇n
n
. (5)

The fact that Ea ∝ ∇n allows us to combine the real
diffusive motion under ∇n and a mobility drift under the
action of the electric field E introducing the ambipolar
diffusion

Γ = −Da∇n (6)

with the ambipolar diffusion coefficient Da expressed as

Da =
µiDe + µeDi

µi + µe
. (7)

One should note, however, that the ambipolar diffusion
is not a free diffusion in the general sense but instead just
a convenient form to combine and express both mobility
and diffusion dominated fluxes in a more concise form.
This however is not always possible. For instance, if the

cross-field radial transport is governed by other mecha-
nisms which either do not form a radial electric field or
this electric field is not proportional to ∇n. In this case
to evaluate the collisional radial particle transport the
total momentum equations for electrons and ions should
be considered. Exact two-dimensional solutions to these
two coupled nonlinear equations is pretty complex.

An analysis of the particle diffusion in magnetic field
requires a detailed consideration on the formation of
space charge and currents flowing in plasma. The am-
bipolarity condition in the magnetized plasma takes
sometimes a more relaxed form requiring only that over-
all wall-integrated electron and ion transports be equal.
This occurs for example in the chamber with the conduct-
ing wall when ions undergo primarily cross-field transport
and electrons diffuse predominantly along magnetic field,
so that both species move in a mutually perpendicular
direction.

Several mechanisms can hypotetically contribute to the
cross-field particle losses in the typical helicon discharge
tube. The flux Γamb

Γamb = D⊥a∇n (8)

corresponds to transport determined by the cross-
field ambipolar diffusion coefficient in the magnetized
plasma4,5 in a chamber with dielectric walls

D⊥a =
µ⊥iD⊥e + µ⊥eD⊥i

µ⊥i + µ⊥e
, (9)

where the subscript ⊥ designates the cross-field coeffi-
cient. Practically this diffusion coefficient is entirely ap-
plicable only to the chamber where both side and end
walls are dielectric so that no return currents can flow
through the plasma. Dielectric walls break the current
path not allowing to complete the circuit. The collisional
radial transport in the plasma completely confined in the
conducting wall is driven by the so called Simon diffusion

ΓSimon = D⊥S∇n, (10)

where D⊥S is given by4,5

D⊥S =
µiD⊥e + µeD⊥i

µi + µe
, (11)

The real character of a collisional diffusion in a cham-
ber with dielectric side wall and conducting end plates
(as in most of helicon discharges) is more complex and is
some sort of mixture of ΓSimon and Γamb. The diffusion
in the main plasma volume most likely is driven by the
Simon mechanism since all flux tubes are short circuited
through the end plates so that the current between any
neighboring flux tubes can flow. The diffusion right at
the plasma boundary will be still ambipolar since no cur-
rent can flow from the side wall to the end plates. If the
side wall of the chamber is inclined to the direction of
B, the diffusion even in the chamber with the dielectric
wall in not ambipolar, i.e. is not driven only by D⊥a and
occurs much faster. Nevertheless, even if we do not know
which of both collisional diffusion mechanisms play the
dominant role and even if we do not know how precisely
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the side wall is aligned with the direction of the magnetic
field, we always can say that the collisional transport Γcoll
lies between

min{ΓSimon,Γamb} < Γcoll < max{ΓSimon,Γamb}.
(12)

An extended review on the collisional diffusion is given
in Ref.2.

The existence of a radial electric field E, much stronger
than the ambipolar one, indicates that there is a substan-
tial ion acceleration potential E ·R� Ti. In this case the
perpendicular ion transport is governed by the ion mo-
bility term rather than by the diffusion and in this case
the preceeding discussion about the ambipolar diffusion
of any kind is unapplicable. If such an electric field exist
then the transport is determined by the ion mobility

Γµ = nµiEr. (13)

It will be shown later in this work that the ion mobility
dominated transport could also play a substantial role
at the plasma boundary since the corresponding electric
field there is not always negligible. Moreover, experiment
and modelling on different transport mechanisms in Ref.3

suggest the decisive role of the ion mobility dominated
transport.

Except of different collisional transport mechanism,
there is also the turbulent diffusion driven by plasma in-
stabilities. This mechanism is not driven by collisions
and can exist even in near collisionless plasma. The cor-
responding turbulent transport

Γturb = Dturb∇n (14)

occurs with the diffusion coefficient

Dturb = A
kBTe
B

, (15)

where A is the coefficient of order unity. The coefficient

Dturb with A =
1

16
is often called the Bohm diffusion

coefficient and has been introduced by Bohm from the
intuitive considerations. In our estimations of the turbu-
lent transport we assume A = 1.

From the experimental point of view the particle flux
density to the wall Γ can be easily estimated using Lang-
muir probe technique measuring the plasma density n
and electron temperature Te right at the plasma bound-
ary i.e. at the sheath edge (the interface between sheath
and pre-sheath)

Γ = nsuB , (16)

with ns corresponding to the sheath edge density and

uB =
kBTe
me

corresponding to the Bohm velocity, where

me is the electron mass and kB is the Boltzmann con-
stant. Two unobvious facts simplify an experimental es-
timation of Γ:

• First, the plasma density at the plasma boundary
is never equals to zero. Even though some sim-
plified solution of the diffusion equation use zero
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FIG. 1. The radial distribution of the plasma density mea-
sured for different values of the axial magnetic field. Results
for three different neutral gas pressures are presented: (a) for
p = 0.08 Pa, (b) for p = 6.6 Pa and (c) for p = 1.2 Pa. Each
figure compares profiles measured for different strengths of an
axial magnetic field in the range from 15 − 55 mT .

density boundary condition at the wall, this is just
a first approximation which simplifies the theoret-
ical consideration. The results on the modelling of
the whole set of ion and electron momentum and
continuity equations in Ref.6,7 show that density at
the plasma boundary always converge to a certain
finite value, which could be lower than the central
plasma density only by several times. The density
at the plasma boundary can be easily measured due
to the fact that the sheath thickness is in the or-
der of several tens of µm and much smaller than
the typical diameter of the probe pin (in our case
0.8 mm). Practically when the probe pin is posi-
tioned at the plasma boundary right up to the wall
surface, the major part of the probe collection area
will be still in the presheath and these measure-
ments give a direct estimation of ns.

• Second, for the typical helicon discharge plasmas
the plasma particle velocity at the plasma bound-
ary approaches uB , even in the presence of the axial
magnetic field. The modelling results in Ref.4,6,7

demonstrate that the Bohm criterion is still satis-
fied also for the motion across B. The electric force
on the electrons dominates the magnetic Lorentz
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FIG. 2. The radial distribution of the plasma potential mea-
sured for different values of the axial magnetic field. Results
for three different neutral gas pressures are presented: (a) for
p = 0.08 Pa, (b) for p = 6.6 Pa and (c) for p = 1.2 Pa. Each
figure compares profiles measured for different strengths of an
axial magnetic field in the range from 15 − 55 mT .
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FIG. 3. The typical probe I-U characteristics measured at
the plasma edge at the radial position of r = −200 mm for
the neutral gas pressure p = 0.08 Pa and axial magnetic field
B = 54 mT , when the observed edge radial electric field is
highest. The blue dashed line indicates the position of the
plasma potential. The characteristics does not show any arte-
facts leading to an ambiguous estimation of φp.
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FIG. 4. Estimation of the contribution of different transport
mechanisms to the total radial particle flux density in the
magnetized plasma discharge in Ar. Results for three differ-
ent neutral gas pressures are presented: (a) for p = 0.08 Pa,
(b) for p = 6.6 Pa and (c) for p = 1.2 Pa. Results are
presented as a function of the axial magnetic field strength.
Γtotal corresponds to the total particle flux density. Γµ cor-
responds to the flux density determined by the ion mobility.
Γamb represents the flux due to the ambipolar cross-field dif-
fusion. ΓSimon represents the cross-field diffusion governed by
the Simon mechanism (chamber with the conducting walls).
Γturb is the turbulent cross-field diffusion.

force in the sheath region. Also the experimental
indication of enhanced outward ion velocity which
has been cited in Ref.8. The application of the laser
induced fluorescence (LIF) technique shows the ra-
dial ion velocities at the plasma boundary close to
uB , implying an acceleration of ions toward the wall
similar to that in the absence of a magnetic field.
Apparently, one could not generalize this thesis to
any arbitrary high magnetic field, i.e. it is appli-
cable only up to a certain magnetic field strength.
However, the above mentioned references suggest
an applicability for typical helicon discharge plas-
mas.

IV. MEASUREMENTS

The results presented in this work are based on a sys-
tematic measurements of n and φp radial profiles for dif-
ferent pressure and magnetic field values. Results in the
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Fig.1 present n profile for p = 0.08 Pa (a), 0.66 Pa (b),
1.2 Pa (c). The radial profiles for different B in the
range from 15−54 mT are compared. The scan has been
performed throughout the entire radial range so that the
left-most and right-most positions correspond to the den-
sity at the chamber wall. The density measurements at
these points correspond to ns and is directly related to
the radial particle transport. Even though the magnetic
field does not play a big role on the central plasma den-
sity, increase in B significantly and consistently reduces
the edge density. This is qualitatively in agreement with
the general concept of reduction of radial losses with the
magnetic field.

Along with the diffusion, the mobility dominant trans-
port described in Eq.13 could also contribute to the parti-
cle losses when the radial electric field is sufficiently high.
The radial distribution of the plasma potential is pre-
sented in Fig.2. Results have been measured in the same
series of experiments as the one in Fig.1 and therefore are
presented in the same manner. Results for different mag-
netic field values and neutral gas pressure p of 0.08 Pa
(figure (a)), 0.66 Pa (figure (b)) and 1.2 Pa (figure (c))
are presented. For low pressure value p = 0.08 Pa in
Fig.(a) φp profile is pretty flat in the bulk plasma in the
entire presented range of magnetic field strengths. This
is however not the case at the plasma edge where φp ex-
periences a sharp fall, indicating the presence of a strong
radial electric field in the range of ∼ 1000 V/m. This
electric field does not have an ambipolar nature. Simple
estimation of the ambipolar electric field

E⊥a =
D⊥i −D⊥e
µ⊥i + µ⊥e

∇n
n
, (17)

using the plasma density radial profiles measured at the
plasma boundary (taken from the Fig.1) gives the value

in the order of 4
V

m
, much lower than the observed value.

Also, if we take into account that end plates are conduct-
ing and therefore equipotential, the radial electric field is
determined by the potential drop between the wall and
the bulk plasma4

Φw = −Teln(
M

2πme
) +

Te
2
, (18)

where M designate an ion mass. For Ar ions it gives
Φw = −5.2Te and the corresponding radial electric field

E⊥cond = 5.2∇Te. (19)

Practically Te profile is pretty flat due to a high electron
thermal conductivity and the difference in Te between the
plasma centre and boundary constitute not more than

1 V producing E⊥cond ∼
5.2 · 1

0.2
= 26

V

m
. This is still

way smaller than the observed ∼ 1000
V

m
at the edge.

The presence of a diamagnetic current flowing in the
poloidal direction due to ∇p could also contribute to the
radial electric field

E⊥diam =
∇p
en

. (20)

This contribution, however, E⊥diam ∼
5 eV

0.2 m
= 25

V

m
, is

also way to small.
The layer of a strong radial electric field is also ob-

served for an intermediate pressure p = 0.66 Pa in
Fig.(b), but it is already invisible for p = 1.2 Pa in
Fig.(c) either because the electric field becomes lower or
because the layer becomes thinner. Thus, the origin of
the observed strong radial electric field at the edge is not
clear.

Hypothetically it could be that the observed en-
hanced radial electric field at the plasma edge in real-
ity caused by some kind of distortion of the measured
probe current−voltage (I-U) characteristics. Such a dis-
tortion could be caused, for instance, by the so-called
”current overshoot”9 or sheath rectification due to an os-
cillating plasma potential in the RF environment10 (even
though the RF compensated probes11 are used to mea-
sure probe data in the RF environment). Therefore, the
typical probe characteristics is shown in Fig.3 for refer-
ence in order to dispel doubts that the observed electric
field arises from the misinterpretation of the observed I-
U curves. This characteristic has been measured at dis-
charge conditions when the observed edge radial electric
field is highest (and supposedly also highest distortion),
i.e. at low neutral gas pressure p = 0.08 Pa, high mag-
netic field B = 54 mT and directly at the plasma bound-
ary r = −190mm, as visible in Fig.2(a). The blue dashed
color line indicates the position of the plasma potential
φp measured at the place where the slope of the probe
characteristic changes the value. The observed charac-
teristic does not show any obvious artefacts allowing to
doubt that it is correct.

The role of the observed enhanced radial electric field
on the particle transport will be analysed later in this
work.

V. EXPERIMENTAL ANALYSIS OF DIFFERENT
TRANSPORT MECHANISMS

An experimental estimation of cross-field particle
transport to the wall has been performed systematically
for a neutral gas pressures p from 0.08 − 1.2 Pa and an
external magnetic field B in the range from 14− 60 mT .
These results are presented Fig. 4. Here we compare the
relative contribution of different transport mechanisms to
the total particle transport to the wall Γtotal, estimated
from Eq.16. The contributions of Γµ, Γamb, ΓSimon and
Γturb are estimated from Eqs. 13, 8, 10 and 14, respec-
tively.

These measurements correspond to the radial position
right in the vicinity of the plasma boundary r = 200 mm.
Therefore all corresponding plasma parameters including
the radial electric field and plasma density gradients have
also been taken in the boundary region. Results for three
neutral gas pressures p of 0.08 Pa (figure (a)), 0.66 Pa
(figure (b)) and 1.2 Pa (figure (c)) are presented.

Results in Fig.4(a) show that among different trans-
port mechanisms, the main contribution to Γtotal is pro-
vided by Γturb. Contributions provided by collisional dif-
fusions ΓSimon and Γamb are approximately three orders
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of magnitude below Γtotal. Most likely the collisional
diffusion dominated transport in the chamber with con-
ducting end plates (like the one at IShTAR) is between
ΓSimon and Γamb, as has been stated in Eq.12. So the
collisional diffusion does not play any significant role in
the outward transport for this pressure. The ion mobility
dominated transport Γµ, however, does play a substantial
role. This is because the radial electric field, relatively
modest in the bulk plasma, approaches significant values
at the boundary.

Looking at results for higher pressures in Fig.4(b) and
(c) one can notice that even though the diffusive trans-
port ΓSimon and Γamb becomes way higher due to an
increase in the ion-atom collision rates νia from 9 kHz
to 115 kHz, it still remains way to small in order to
provide a significant contribution to Γtotal. The mobil-
ity dominated transport Γµ, playing relatively important
role for an intermediate pressure in Fig.4(b), plays gradu-
ally a less important role for higher pressures in Fig.4(c).
It turns out that Γturb is the only transport mechanism
which always show consistent agreement with Γtotal, both
quantitative and qualitative and in a wide range of dis-
charge parameters. One can always argue about a quan-
titative consistency since the choise of the coefficient A in
Eq.15 is somewhat artificial. The qualitative consistency,
however, looks more convincing because of a remarkable
similarity in the dependence of Γturb and Γtotal on B, i.e.
similar slope.

The obvious question often arises in a design of a new
plasma source: which transport, parallel or perpendic-
ular determine the overall particle losses? The plasma
lifetime (or confinement time) τ will be introduced in or-
der to answer on this question. It can be estimated as
follows:

τ =
n V

Γ A
, (21)

where n designate the volume averaged density, V is the
entire plasma volume so that the product n V is the total
number of particles in the volume. Γ is the outward par-
ticle flux density and A is the surface area which plays
the role of the particle sink. In the magnetized plasma
one can distinguish between the parallel and perpendic-
ular confinement times, depending on the direction of Γ
with respect to B

τ‖ =
n V

Γ‖ Aend
(22)

and

τ⊥ =
n V

Γ⊥ Aside
, (23)

where Aend = 2πR2 and Aside = 2πRL designate the
surface area of the end plates and the side wall. The
plasma lifetime τ is of the order of the smallest between
τ‖ and τ⊥. The ratio

τ‖

τ⊥
=

Γ⊥ Aside
Γ‖ Aend

(24)

shows the relative contribution of parallel and perpen-
dicular transports. Note that apart from the flux density
it includes also the dimensions of the vessel. The life-
time will be primarily governed by the parallel transport

if
τ‖

τ⊥
� 1 and cross-field transport if

τ‖

τ⊥
� 1. The

Γ⊥
Γ‖

can be estimated as follows

Γ⊥
Γ‖
≈ D⊥ L

D‖ R
, (25)

where D⊥ and D‖ designate the perpendicular and par-
allel diffusion coefficients; L and R designate the length
and radius of the plasma source chamber. The parallel
transport is governed by the ambipolar diffusion coeffi-
cient in the absence of the magnetic field D‖ = Da given
in Eq.7. The perpendicular transport is governed mostly
by the turbulent diffusion Dturb, as we have seen from
Fig.4. The Eq.25 can be rewritten in the following form

Γ⊥
Γ‖

=
Dturb L

Da R
, (26)

For discharge parameters typically used at IShTAR B ≈
30 mT , a neutral gas pressure p ∝ 0.6 Pa, the cor-

responding coefficients are Da ≈ 200
m2

s
and Dturb ≈

160
m2

s
. The corresponding ratio

τ‖

τ⊥
≈ 7, which indicate

a predominant role of the cross-field particle diffusion
in the overall particle transport. Note, however, that
Da has a strong dependence on the neutral gas pres-
sure p since it depends primarily on ion-atom cillisions

∝ 1

νia
. The turbulent diffusion coefficient Dturb, in turn,

does not depend on p, at least in the first approximation
Therefore, one can expect a bigger role of the parallel
transport for lower p. This is indeed the case since for

p = 0.1 Pa and for the same B ≈ 30 mT we get
τ‖

τ⊥
≈ 1

so that both parallel and perpendicular losses are com-
parable.

The last discussion has an important practical conse-
quences on the design of a helicon plasma source. There
is always a demand to design a more powerfull helicon
plasma source, i.e. able to produce a more dense plasma.
However the RF power which can be applied to a sin-
gle helicon antenna is limited since parasitic RF arcing
emerges between different antenna elements when RF
power approaches a certain threshold level. In order
to avoid this, the applied RF power is sometimes dis-
tributed between several helicon antennae arranged par-
allel along the vacuum tube. This approach extends the
lengths of the tube, inevitably rising the fraction of par-
ticles escaped radially. Apparently, the efficiency of this

approach will be very low if
τ‖

τ⊥
� 1.

VI. CONCLUSION

The turbulent transport plays the dominant role in
the cross-field particle losses exceeding the ambipolar
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diffusion of any kind (Γamb or ΓSimon) by 2-3 orders of
magnitude. Γturb consistently show a good qualitative
and quantitative agreement with the total losses for all
presented pressures and magnetic fields. An existence
of a strong radial electric field at the plasma boundary,
determining the ion mobility dominant transport, could
also significantly contribute to the radial losses. A
comparison between the total parallel and perpendicular
losses shows that the perpendicular ones can be even
larger or at least comparable to the parallel ones. This
has an important practical meaning: multiplying the
number of antenna arrangen parallel along a vacuum
tube trying to distribute an applied RF power could be
much less effective than if the entire power is applied to
a single helical antenna with a short vacuum vessel.
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