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Abstract

The experiments presented in this work are part of an extended investigation aiming to understand the angular

dependence of energy and particle fluxes in magnetized plasmas. Here we concentrate on measurements of the floating

potential Uf as a function of angle under various conditions (npl, Te, B) and for a number of ion species (H, D, He and
Ar). A pronounced reduction of Uf is experimentally observed at oblique incidence. It is found that the magnitude of

this reduction correlates with the Debye length while the normalized angular dependence remains similar under all

conditions investigated.

� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

In what follows we report on measurements of the

floating potential as a function of angle under various

conditions and for a number of ions. This potential is of

crucial importance in all kind of plasma boundary in-

teractions. In particular it is well known that a consid-

erable fraction of the energy flux to a surface exposed to

a plasma is transported by the kinetic energy the im-

pinging ions gain within the sheath potential [1]. A re-

duction of this potential therefore causes a decrease of

the energy influx beyond the mere reduction of the

electron and ion particle fluxes. The floating voltage Uf

is directly linked to the ratio of ion to electron flux

density, but in addition it depends on the electron tem-

perature (Te) as well as other parameters. It adjusts itself
to ensure the balance of electron and ion flux at the

surface by repelling one species (usually the electrons)

and attracting the other.

The physics of the plasma sheath at oblique incidence

in strong magnetic fields have been subject for intensive

theoretical considerations for a long time [1–4]. It is, for

example, vital for the interpretation of data acquired by

flush mounted probes [5,6]. However, most theoretical

results can only be made available by numerical calcu-

lations.

At moderate magnetic fields like the ones used at the

plasma generator PSI-2 or similar facilities, a further

complication arises from the fact that the gyro radii of

the ions can be of the same order of magnitude as the

size of the probes.

In contrast to such complications occurring in a

theoretical treatment the floating potential (Uf ) is readily

obtained experimentally. In this work we present data

obtained under various experimental conditions at

moderate magnetic fields B � 0:1 T. The corresponding
Hall-parameters (he;i ¼ xgyr

e;i s
col
e;i ) are of the order of 1300

for electrons and range from about 0.4 (Ar) to 32 (H) for

the ions. This means that the electrons are always well

magnetized whereas this is only marginally true for the

heavy ions. It should be noted, however, that solely the

magnetic confinement of the electrons is essential since

the ions are coupled to them by electric fields in any

case. A considerable variation of the Debye length kD
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for different gases (H, D, He and Ar) could be achieved

by varying the density by almost three orders of mag-

nitude (1015–1018 m�3) while the electron temperature Te
was kept rather constant (Te ¼ 1–4 eV). Although the

ion temperature could not be measured directly, it is

known from previous measurements [7] that it is ap-

proximately 2=3Te. Finally, the magnetic field was var-
ied in the case of argon to reveal the expected

dependencies on the electron and, in particular, ion gyro

radii (B ¼ 0:05–0:1 T).

2. Experimental setup

Our experiments were conducted at the PSI-2 plasma

generator, a stationary high current arc discharge con-

fined by an axial magnetic field. The plasma is produced

between a heated LaB6 cathode and a hollow anode

made from molybdenum. The plasma generated in this

region streams along the magnetic field lines through a

differential pumping stage into a target chamber where it

is used for all kind of experiments including plasma–wall

interaction studies and tests of various plasma diag-

nostics [8].

The measurements presented below were also per-

formed in this target chamber region by inserting a

turnable flat probe into the center of the plasma column.

A molybdenum plate immersed in a flat BN isolation

was used for this purpose. The axis of rotation is coin-

ciding with the probe surface to avoid vertical shifting of

the probe during rotation (Fig. 1). Effects of a vertical

gradient of the plasma potential were estimated by po-

sitioning the probe at a ¼ �90� and moving it vertically.
The measured potential changes were small compared to

observed angular dependencies. By using a step motor

driven rotational feed through a high angular resolution

was obtained. U–I characteristics were taken by apply-
ing a sweeping voltage while scanning the probe at a

constant speed (resolution 0.7�/U–I characteristic for
scans from a ¼ �100� to a ¼ þ100�, 0.07�/U–I charac-

teristic for scans in the vicinity of a ¼ �90�). Addition-
ally the floating potential was measured by means of a

high impedance voltage recorder (resolution determined

by step motor, Da � 0:01�). The electron temperature
was evaluated from the characteristics obtained at

a � 0�. In order to eliminate changes in the overall po-
tential structure of the plasma due to the rotating probe

the floating potential is given with respect to the plasma

potential Upl. The latter is determined from the knee of

the U–I characteristic. Since Upl could not be determined

at angles close to a ¼ �90� a polynomial fit was applied
for interpolation.

Additionally a simple double probe was used to

measure radial profiles of electron temperature and

density in front of the turnable probe to assure homo-

geneity of the plasma parameters.

3. A basic model

It is beyond the scope of this work to present a fully

satisfying theory explaining the measurements. Never-

theless, some basic considerations may be helpful to

understand the results.

The floating potential is characterized by an ambi-

polar flux to the surface:

jiðUfÞ þ jeðUfÞ ¼ 0: ð1Þ

Applying the well known relations for U < Upl, jiðUÞ ¼
jsati ¼ constant and jeðUÞ ¼ jsate expðeU=kTeÞ (Boltzmann
relation), valid for normal incidence a ¼ 0�, Uf is found

from the equation

eUf

kTe
¼ ln

jsati ðaÞ
jsate ðaÞ

� �
; ð2Þ

yielding explicitly for a ¼ 0�

eUf

kTe
¼ 1

2
ln 2p

me

mi

� �
1

��
þ Ti
Te

��
: ð3Þ

Fig. 1. Draft of the probe head as seen from the direction of the plasma column at a ¼ �90� and a ¼ 0� as well as a side view in-
dicating the direction of the magnetic field B and the plasma flow.
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In order to obtain an expression for the angular de-

pendence of the floating potential an assumption for the

angular dependence of jsati and jsate is needed. As a basic

ansatz we will use a cosine dependence, taking into ac-

count the projected area of the probe perpendicular to

the magnetic field, combined with a constant fraction bk

to account for particles reaching the surface at oblique

incidence due to gyration and possibly diffusion across

the magnetic field.

jk ¼ jsatk ð0�Þðbk þ ð1� bkÞ cos aÞ k ¼ i; e: ð4Þ

Inserting (4) into (2) we obtain the desired function

UfðaÞ. The reduction of the floating potential DUfðaÞ ¼
UfðaÞ � Ufð0�Þ as a consequence of rotating the probe to
oblique incidence should thus solely depend on the ratio

of the constant fractions of the electron and ion flux at

the angle a. This ratio in turn should depend on the
characteristic lengths of the magnetized sheath: the ion

and electron gyro radii ri, re and the Debye length kD.
However, the model outlined above suffers from two

severe limitations: First, in the case of large ri, the an-
gular dependence used in Eq. (4) does not give the

proper values for the ion flux at intermediate angles.

Second, the assumption of the Boltzmann relation for

the electron flux breaks down at a ! �90�. An im-

provement may be achieved by solving Eq. (1) by in-

voking refined models jiðU ; aÞ and jeðU ; aÞ or using
functions obtained from fits of the experimental data.

4. Experimental results

In the scope of this work a large amount of experi-

mental data has been collected. As an example we show

the jðUÞ characteristics for hydrogen in Fig. 2. It is
found that even at a ¼ 0� the characteristics do not show
the jsate =jsati ratio expected from the mass ratio. Fur-

thermore, although jsate =jsati tends to follow the mass

ratio it also depends on other parameters. Apart from

observing a general reduction of the particle fluxes we

find a further reduction in the jsate =jsati ratio at oblique

angles (a ¼ �90�) as well as pronounced non-saturation
effects. As to be seen from Fig. 2, the deviations from

saturation are different for ion and electron currents.

Fig. 3 depicts measured values of the floating

potential as a function of the incidence angle. The re-

duction of Uf for different ions under comparable con-

ditions is shown in Fig. 4. The theoretical value of Uf for

a ¼ 0� according to Eq. (3) (assuming Ti=Te ¼ 2=3) is
also included in the figure as a horizontal line. As to be

seen this value agrees well with experimental data. The

magnitude of the reduction of Uf shows a clear trend

with the ion mass, i.e. the ion gyro radius ri
(ri ¼ mi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kTi=mi

p
=ðeBÞ). For heavy ions the floating

potential becomes even positive with respect to the

plasma potential (see Fig. 3). Similarly, the extend of the

angular range in which the reduction is observed de-

pends on this parameter. While in case of hydrogen the

reduction starts at about a � 60� for argon it changes
already at a � 20�. Closer inspection of the results

shown in Fig. 4 suggests that the function DUfða;
minpl; TeÞ could be written as a product DUf ¼ f ðaÞg
ðminpl; TeÞ with f ðaÞ being a unique function of the angle
and g containing all parameters specific to the ions and
the plasma conditions. In order to reveal this depen-

dency, the difference between the floating potential at

oblique incidence and for the perpendicular case, i.e.

DUfð�90�Þ ¼ Ufða ¼ �90�Þ � Ufða ¼ 0�Þ, was examined
under various conditions. Although it was not possible

to vary all plasma parameters involved in an indepen-

dent manner, some useful combinations could be real-

Fig. 2. Probe U–I characteristics for H at a ¼ �90� and a ¼ 0�.
Please note the different scale for the a ¼ �90� case.

Fig. 3. Floating potential determined from the zero crossing in

the U–I characteristic for Ar as a function of the angle between
the surface normal and the magnetic field. The horizontal line

indicates Uf according to Eq. (3).
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ized. In a first series of experiments we focused on

variations of the Debye length kD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�0kTe=ðnple2Þ

p
by

keeping the temperature nearly constant, hence chang-

ing the ratio of ion gyro radius to the Debye length. This

ratio turned out to be an important parameter involved

in all plasma boundary and shielding problems [9].

Furthermore, different magnetic field strengths were

applied in case of argon (B ¼ 0:067 T to B ¼ 0:094 T)
yielding a considerable change in the gyro radii while

keeping the other plasma parameters almost constant.

Finally, the magnetic field configuration was changed on

a larger scale resulting in two measurements using a low

magnetic field (B ¼ 0:051 T) with moderate plasma

density and a high magnetic field (B ¼ 0:103 T) with a
comparatively high plasma density. Considering only

the measurements from the first series of experiments, a

dependence on the gyro radii was suspected which,

however, could not be confirmed by the results from the

magnetic field variations. The only dependence common

to all measurements is with respect to the Debye length

kD. Fig. 5 shows this dependence using a logarithmic
scale for kD. While the applicability of a linear fit may be
questionable in the case of the H and D, the He and Ar

data show a clear functional dependence with ln kD.

5. Summary

The floating potential Uf has been carefully measured

with a high angular resolution as a function of the angle

a between the surface normal and the magnetic field. It is
found that the floating potential is substantially de-

creased at oblique incidence and may even become

positive with respect to the plasma potential. Probe

measurements show good saturations for both jsate and

jsati at a ¼ 0�. However, at a ¼ �90� we observe pro-
nounced non-saturation with different slopes for jsate and

jsati (see Fig. 2). Experimental parameters (Te, npl, B, mi)

were varied in a wide range in order to study the cor-

relation between characteristic lengths (kD, re, ri) and the
reduction of Uf . In the case of H and D the reduction of

the floating potential can be quantitatively reproduced

combining an angular cosine dependence of the particle

fluxes due to the projection of the probe area perpen-

dicular to ~BB with a fractional flux bi;e remaining at ob-
lique incidence due to gyration effects. However, for He

and Ar the description is not satisfactory. Normalizing

the angular profiles of the floating potential in the fol-

lowing manner ðUfðaÞ �Ufð0�ÞÞ=ðUfð�90�Þ �Ufð0�ÞÞ :¼
f ðaÞ, the function f ðaÞ is found to be largely indepen-
dent of all plasma parameters and the ion species. As-

sessment of the experimental data suggests that

DUf ¼ UfðaÞ �Ufð0�Þ is a function of a and the Debye
length only. The reason for this is subject of ongoing

investigations.
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