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a b s t r a c t 

In fusion devices, radiofrequency (RF) antennas are used for heating the plasma. Those antennas and the 

plasma interact with each other through the so-called RF sheaths, layers of plasma where the quasi- 

neutrality breaks down and large electric fields arise. Among the effects of RF sheaths, there is the en- 

hancement of the particles and energy fluxes toward the surface of the antenna, which in turn generate 

hot spots and release impurities, which are both deleterious for plasma operations. RF sheaths compre- 

hension stumbles on the difficulty to achieve in situ measurements of the sheath properties, as scrape-off

layer plasmas are a harsh environment. The very goal of the ALINE device is to tackle this issue and to 

fulfil the blank between numerical simulations and full-scale experiment by providing measurements 

within the RF sheaths in a controlled environment. In this paper we report on the latest experimental 

results from ALINE, in which a cylindrical Langmuir probe mounted on a remotely controlled and pro- 

grammable arm allows for plasma characterizations in the three dimensions of space around the stainless 

steel antenna, including the sheath. We present a series of density and potential profiles and three di- 

mension (3D) maps in the plasma surrounding a stainless-steel RF antenna as well as in the sheath itself, 

for unmagnetized and magnetized plasmas. 

© 2017 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Introduction 

Sheaths are commonly observed in almost all man made plas-

mas as they arise as soon as a surface is in contact with a plasma.

No matter if the surface belongs to the confining vessel, the device

probing the plasma or the cathode generating it, a transition layer

appears and shields the plasma from the surface. This so-called De-

bye sheath is the region where quasineutrality breaks down and

where large electric fields arise. Depending on the wall bias and

the electric charge of the particles, the effect of the sheath is to

repel or accelerate those particles. The entrance of the sheath is

the point where the ions speed exceeds the sound one, satisfy-

ing the so-called Bohm criterion. Sheaths have been studied for

many years by different methods (experiments, numerical simu-

lations and theory) but still are a very active research field in

plasma physics and in fusion in particular, for they govern the

plasma-interactions which may have a dramatic impact on the

plasma facing components. The situation in fusion devices (toka-

maks and stellerators) is complicated by the presence of a mag-

netic field on the wall, which leads to the existence of an inter-
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ediate region known as magnetic pre-sheath [1] . Moreover, non-

teady sheaths such as radio-frequency sheaths, i.e. sheaths that

espond to a varying wall potential (imposed by an external gen-

rator), can transform a null time-average electric field into one

ccelerating even more the ions toward the wall [2,3] . This phe-

omenon known as potential rectification is of paramount impor-

ance for Ion Cyclotron Resonance Heating (ICRH) antenna where

hey generate hot spots on the frame those antennae and enhanced

he sputtering of their surface as well as the release of impurities

nto the plasma. In this paper we present the ALINE device which

as been built and developed with the very goal of experimentally

tudying RF sheaths in nearly ideal conditions, i.e. a very good ac-

essibility of the plasma and sheath for various diagnostics, so that

ll the different properties of the plasma species can be accurately

easured. We here first provide an overview of the available di-

gnostics. We then focus 3D maps of the plasma floating potential

nd ion density for both a magnetized and unmagnetized plasma.

e conclude this paper with the foreseen developments of our ca-

abilities. 

he ALINE device 

The ALINE device [4] is A LINEar cylindrical device ( Fig. 1 a) of

00 cm by 30 cm in which low pressure plasma of either Argon,
nder the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. (a) The cylindrical chamber of The ALINE device and its 6 copper coils (red) that can create a magnetic field up to 0.1 T. (b) Schematic of the experiment. The surface 

of the RF antenna is located at (x, y, z) = (0 , −10 , 0) mm . The magnetic field (red arrow) is along the z direction. The probe (yellow) moves in the three direction. (For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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elium or Hydrogen can be produced with typical neutral pressure

f 10 −2 − 10 −3 m bar. An external magnetic field parallel to the axis

f the cylinder and to the antenna can be applied thanks to 6 cop-

er coils powered by 3 independent generators delivering up to

50 A. The resulting magnetic field is fairly homogeneous along the

xis of the chamber [4] and can reach up to 0.1 T, leading to a Lar-

or radius of ≈ 1 mm for Argon ions at the room temperature.

he plasma itself is produced by a RF antenna (on which a block-

ng capacitor in series is installed) that operates between 10 kHz

nd 250 MHz and delivers up to 600 W of input power. The vac-

um in the vessel is maintained by two different pumping systems,

 butterfly val ve and a turbo-pump that insure a remaining back-

round pressure below 10 −7 mbar. The different plasmas studied

n ALINE and presented in this paper are obtained with a neutral

ressure between 10 −4 and 10 −2 mbar. Typical plasmas in ALINE

ave a density in the 10 14 − 10 17 m 

3 range with an electron tem-

erature of 1 − 6 eV, giving a Debye length ranging from 1 mm to

.01 mm. Stability and reproducibility of plasmas are continuously

hecked by the repetition of a reference plasma, which also insures

hat the diagnostics are still working as expected. Typically, one

eeds to wait for 20 min after a modification of an input param-

ters for the plasma to stabilized, after what the plasma remains

teady for several hours without noticeable variation of its density

nd temperature. 

lasma diagnostics 

The main interest of the ALINE device for studying sheath

hysics relies on its diagnostics for probing the plasma. Indeed,

he vessel is equipped with 14 ports available for plasma diag-

ostics. The main diagnostic is a RF-compensated Langmuir probe

5] made of tungsten cylindrical tip of 10 mm by 0.15 mm in diam-

ter that can be biased from −200 V to 100 V. The time needed to

ecord one IV characteristic is about 10 −3 s, and each measurement

s averaged over 20 ramp of voltage, much longer that the dura-

ion of a RF period: ≈ 10 −8 s at 35 MHz. A typical IV characteris-

ic measured in ALINE can be found in [4] .The probe is mounted

n a remote manipulator system translatable in the three direc-

ions of space around the antenna. The manipulator is actuated by

hree step motors which can position the probe with an accuracy

f 0.1 mm, which is of the same order as the probe width. It has

o be noted that the accuracy is not limited by the step motors

ith the accuracy of 5 × 10 5 mm, but by the current determina-
ion of the reference position, a mechanical limit switch. The ma-

ipulator is controlled by a software that also controls and syn-

hronizes the different other diagnostics so that 3D maps of typi-

ally 30 0 0–40 0 0 points can be automatically performed with peri-

dic checks of the input parameters. Plasma density measurements

erived from the probe characteristics are cross-checked thanks

o the use of microwave interferometer delivering electromagnetic

ave at 26.5 GHz (40 mW) providing line integrated measurement

f the electron density. The working densities of the interferometer

i.e. densities for which the wave can propagate into the plasma)

pread from 10 15 to 10 18 m 

3 . The emitter and receiver of the de-

ice are installed so that the measured line goes through the ves-

el 50 mm above the surface of the antenna at z = 0 , along the x

irection (see Fig. 1 b). A numeric oscilloscope monitors the input

nd reflected powers of the antenna, as well as its surface polar-

zation. The ALINE equipment is completed with a high definition

HD) webcam that allows for visual investigations of the plasma

nd measurement of the sheath width. All the data recorded are

utomatically stored into a database together with the experimen-

al parameters. 

D maps in an unmagnetized plasma 

In the previous section, the main diagnostic on ALINE, a Lang-

uir probe that can be moved around the antenna, has been de-

cribed. From its current-voltage characteristics, one can derive the

oating and plasma potentials and, with a proper model [6,7] , ion

nd electron densities, as well as the electron temperature. In this

ection we present 3D maps for such measurements performed in

 RF plasma with 30W of power injected at a frequency of 30 MHz,

n an Argon plasma with neutral pressure of 5.9 × 10 3 mbar. Each

ap is made of 3032 measurement points, recorded every 10 mm

n 9 × 9 × 46 (x,y,z) matrix, for a total of 5 h of experiment. On

igs. 2 a and b such a map is presented for the floating potential

nd the ion density, respectively. The first observation from Fig. 2 a

s that the floating potential is rather uniform in the entire cham-

er at a value of 40 . 5 V ± 2 . 6 V , to be compared to the plasma

otential (not presented here and as uniform as the floating po-

ential) of 49 . 2 V ± 3 . 6 V measured respectively to the grounded

hamber. The average electron temperature measured by the probe

f T e = 1 . 97 eV is coherent with the 1 . 89 eV derived from the

ifference between the plasma potential V and the floating
Plasma 
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Fig. 2. (a) Floating potential around the RF antenna delivering an input power of 20 W at 30 MHz. The floating potential is uniform over distances of tens of cm. (b) The 

corresponding ion density peaks in 3D structure visible on top of the antenna. Density slowly decreases along the axis. The sheath is visible as a steep drop of density close 

to the antenna. 

Fig. 3. (a) Floating potential along the z-axis at different elevations (the antenna located between −40 mm < z < 40 mm ). The drops of potential observed below y = 20 mm 

correspond to the sheath. (b) Ion density profiles. The density drops in the profiles between −50 < z < 50 corresponds to the density depletion within the sheath. Outside 

this area, the density profiles match the profile given by ambipolar diffusion, as the theoretical dashed black profile confirms. 
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potential V Floating via the formula [8] 

T e = 

V Plasma − V F loating 

− 1 
2 

ln 

(
2 π m e 

m i 

(
1 + 

T i 
T e 

)) ≈ V Plasma − V F loating 

4 . 66 

(1)

where T e and T i are the electron and ion temperature in eV, m e 

and m i are the electron and the ion mass, respectively. 

This agreement comforts us in the idea that our data are prop-

erly processed for those parameters and allows us to proceed with

the analysis. The uniformity of the potential over several tens of

centimeters indicates a low resistivity of the plasma. If the poten-

tial is rather uniform, this is not the case of ion density map pre-

sented on Fig. 2 b. Ion density is derived from the ion part of the IV

characteristics, taking into account an expansion of the sheath de-

scribed by the weakly collisional regime described in [9] . On that

map one can clearly see a structure above the RF antenna where

the ion density peaks at 6.5 × 10 15 m 

3 whereas the rest of the

plasma falls below 4.0 × 10 15 m 

3 for distances larger than 50 mm

away from the antenna. The density keeps falling with the distance

and goes down to 1.5 × 10 15 m 

3 at 350 mm away from the center

of antenna. The 3D structure where the ion density peaks is in-

terpreted as the area where the plasma is actually created by the

RF antenna, before drifting away in all the directions due to diffu-

sion processes. A closer look at the situation is provided by Fig. 3 a
nd b, where 1D profiles of the floating potential and the ion den-

ity along the z axis are respectively provided. These profiles cor-

esponds to the previous 3D maps for different elevations above

he antenna (which lies at y = −10 mm ) and passing through its

enter at x = 0 mm . In both figures, green and violet curves cor-

espond to profiles at elevation of 50 mm and 40 mm (of which

he surface lies at y = −10 mm , between z = −35 mm and 45 mm )

nd go through the plasma creation volume. The potential is rela-

ively flat directly on top of the antenna and slowly decreases with

istance afterward ( | z| > 40 mm ). At the same time, the ion den-

ity peaks at z = 5 mm , roughly above the center of the antenna

hich is slightly shifted along this direction. The measured pro-

le can very well be reproduced with a fit based on the ambipolar

iffusion, assuming a cylindrical symmetry around the axis of the

ntenna, as in ( 2 ). 

D a 

r 

∂ 

∂r 

(
r 
∂n (r) 

∂r 

)
= S(r) (2)

here D a is the ambipolar diffusion coefficient, n ( r ) the density

nd r the radial coordinate. The source term S ( r ) is a step func-

ion with an adjustable width and height. An example of the suc-

ess of the fit procedure is provided by the black dashed curve

hich reproduces the green profile (y = 40 mm). The quality of

he fit confirms that plasma is dominated by the modeled am-
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Fig. 4. (a) Visible image of a magnetized plasma in ALINE. Two very bright layers appear on both sides of the antenna. The probe appears on the right part of the picture. 

P Ar = 8 . 9 × 10 3 mbar, P RF = 50 W, F = 16 . 6 MHz, B = 0 . 1 T (b) 2D map of floating potential around the antenna. Two potential wells extend from both side of the antenna and 

propagate along the magnetic field lines ( B = 0 . 05 T ). P RF = 50 W at 35.0 MHz and P Ar = 1 . 1 × 10 2 mbar. (For interpretation of the references to color in this figure legend, 

the reader is referred to the web version of this article.) 
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t  

r  
ipolar diffusion. The ambipolar diffusion coefficient obtained from

he fit procedure, D 

f it 
a = 1 . 28 m 

2 s −1 is compatible with D 

estimated 
a =

 . 45 m 

2 s −1 derived from experimental determination of Argon

ross-section [10] . This corresponds to an ion mean free path of

.3 mm, i.e. much smaller than ALINE device. From the modelling,

he source area is found to extend up to 54.1 mm from the cen-

er, which is in a good agreement with the extent of the sheath

bserved in both Fig. 3 a and b. 

The other three curves, on both Fig. 3 a and b, display on top

f the antenna a large drop in floating potential and ion den-

ity, respectively. These depletions are explained by the fact that

hese profiles pass through the pre-sheath/sheath area, at different

epths. In those areas, electron and ion densities are both expected

o drop by more than a factor two [11] . Outside the sheath area,

he profiles are similar to the ones described before, dominated by

mbipolar diffusion. 

aps in a magnetized plasma 

We now present 2D maps similar to those described in the

revious section, but for a magnetized Argon plasma at P Ar =
 . 9 × 10 3 mbar, for P RF = 50 W injected at 16.6 MHz. The magnetic

eld intensity is of 0.1 T. On Fig. 4 a an image recorded by a HD

ebcam is presented. The main striking features are the two very

right layers of light observed on both sides of the antenna. Their

lue color is thought to be due to the metastable Ar+ ions of

he plasma but a spectroscopic analysis would need to confirm

t. These two layers are entangled with two lobes of diffuse light,

hich have an approximatively ellipsoid shape. The two layers are

ttached on the external surface of the antenna, i.e. above and un-

erneath it, and extend over its full width. They can then be fol-

owed (not seen on the picture) all the way down to the vacuum

hamber, where they connect to a metallic surface on the probe

ide (to the right on the picture) and glass window on the other

ide. For our magnetized plasma, probe measurements of densi-

ies are a very delicate question which requires a lot of attention

oncerning the theory describing the sheaht (magnetized electrons

nd weakly magnetized ions) as well as for the collection area dif-

erent for the different species. For this reason we only present

ere a map of floating potential: even if its interpretation remains

ifficult for the reason mentioned above, its measurement is still

traightforward and gives an insight on what happens within the

lasma. On Fig. 4 b, a bidimensional map of floating potential is

hown, for the zOy plane cutting through the middle of the an-
enna. Two structures similar to the ones observed in the visible

mage are present. They correspond to values of floating potential

round −12 V. This value is considerably lower than its value in the

est of the chamber, where it stays roughly constant at 5 V ± 2 V .

n Fig. 4 b, one can see a broadening of the negative floating poten-

ial structures with the distance, broadening which occurs in the

irection perpendicular to the magnetic lines. Even if we do thing

hat such a process exists, it has to be confirmed by further inves-

igations. The observed phenomenon is likely to be enhanced on

he map by the reduction for space resolution of the spatial grid

sed for measurements. 

The origin of these potential wells is likely to be the poten-

ial drop within the sheath/pre-sheaths attached to the antenna.

he plasma modifications in this area would then propagate along

he magnetic lines. This would also explain the negative value of

he floating potential, as the self-biasing of the antenna is usu-

lly of the order of −100 V (not automatically monitored). Even

f a RF compensation problem cannot be fully excluded at that, it

s considered unlikely. More reasonable candidates for those drops

f potential can be an increase of the electron temperature, the

resence of electrons due to secondary emission from the antenna,

n increased diffusion of ions accross the magnetic lines, a local

odification of plasma impedance or all of the above. All these ef-

ects will increase the imbalance between ions and electrons and

eepen the potentiel wells. Another interesting question to be in-

estigated is about both the ion and electron density profile in

hose layers and wether or not a charge imbalance appears, at least

n the vicinity of the antenna. A recent publication [12] has inves-

igated by means of numerical simulations the plasma-wall tran-

ition for a magnetic field parallel to the wall. It predicts simple

aws for quantities such as the sheath size that could be checked.

nfortunately, for magnetized plasmas in ALINE, ion and electron

ensity measurements are not robust enough so far to answer the

uestion, and more work needs to be carried out both experimen-

ally and numerically. 

onclusion and perspectives 

In the present paper we have presented the first outputs com-

ng from the ALINE device. The diagnostics now routinely available

llow for the measurement of plasma properties in the full space

urrounding a RF antenna. The maps of densities and floating po-

ential shown have a spatial accuracy down to 0.1mm in all di-

ections, which allows for a complete mapping of the chamber, as
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well as a detailed investigation of the sheath surrounding the RF

antenna. Measurements in unmagnetized plasmas have confirmed

that the plasma in mainly created in a 3D structure that extends

on top of the RF antenna. The plasma is then driven by ambipolar

flow towards the walls of the vessel. In magnetized plasmas, probe

measurements are more difficult to interpret. Nonetheless, the two

bright layers of plasma observed in the visible picture have been

linked to two electric potential wells that develop on both faces

of the antenna and propagate along the magnetic field lines. The

detailed understanding of this area needs further investigations to

be carried out. In the future, a new holder for the antenna will

be installed. It will then be possible to vary the angle between its

surface and the magnetic field could be varied and its influence

be investigated. On top, ALINE is also equipped with a generator

delivering electromagnetic waves at the Electron Cyclotron Reso-

nance frequency, i.e. 2.45 GHz, with an input power of 3 kW. This

second power source will allow the generation of plasma while us-

ing the antenna as a polarizable target to study sheaths around a

non-active surface. This capability of ALINE has already been tested

but is still under commissioning. This will open the way to exper-

imentally investigate the disappearance of the sheath for grazing

incidence of the magnetic field which has been reported both ana-

lytically [13] and numerically [14] . The experimental investigations

in ALINE will be backed by the continuous development of simula-

tion codes that aims to describe the plasma-wall transition as well

as the measurements by Langmuir probes. 
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