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Zusammenfassung

Eines der größten Probleme bei der kontrollierten Kernfusion ist die immense ther-
mische Belastung der mit dem Plasma in Berührung kommenden Materialien. Um
den Energiefluß aus dem Plasma auf eine möglichst große Fläche zu verteilen, werden
die betroffenen Komponenten in der Regel so angebracht, daß das magnetische Feld
annähernd parallel zur Oberfläche verläuft.

Im Rahmen dieser Arbeit wurden ein spezieller drehbarer Meßkopf zur winkelab-
hängigen Messung des Strom- und Energieflusses entwickelt und ausführliche experi-
mentelle Untersuchungen zur Winkelabhängigkeit der Teilchen- und Energieflüsse auf
eine Fläche durchgeführt. Zum Verständnis der zu Grunde liegenden Mechanismen wird
basierend auf den Gyrationsbahnen der Teilchen ein analytisches Modell entwickelt und
dessen qualitative Übereinstimmung mit den experimentellen Befunden festgestellt.

Die Durchführung der Experimente erfolgte am Plasmagenerator PSI-2, einem
linearen Divertor-Simulator mit einem moderaten magnetischen Feld (B ≈ 0.1 T,
ne ≈ 1016 − 1019 m−3, Te ≈ 1− 15 eV, Ti ≈ 2/3Te). Der Aufbau des Meßkopfes als ebe-
ne Sonde in einer isolierten Fläche enspricht dabei in etwa der einer sogenannten ,,flush-
mounted probe”. Die äußeren Maße der Sonde sind dabei vergleichbar mit dem Ionen-
gyroradius ri. Während die Elektronen bei den Experimenten stark magnetisiert sind
(Hall-Parameter he ≈ 103), variieren die Bedingungen für die Ionen zwischen unmagne-
tisiert (hi < 1) und magnetisiert (hi ≈ 102) je nach Ionenmasse und Magnetfeldstärke.
Bei den Experimenten wurden verschiedene Größen der Plasmarandschicht (Ionen-
sättigunsstromdichte jsat

i , Floatingspannung Uf , Energieflußdichte q, Ionenenergiereflex-
ionskoeffizient Ri,E und Energietransferkoeffizient γ) als Funktionen des Winkels zwi-
schen der Oberflächennormale der Sonde und dem Vektor des magnetischen Feldes
bestimmt. Dabei wurde in Übereinstimmung mit dem analytischen Modell eine aus-
geprägte Asymmetrie der Winkelabhängigkeit der Teilchen- und Energieflußdichte be-
obachtet. Bei streifendem Magnetfeldeinfall, |α| > 80◦, wurden außerdem eine ausge-
prägte Verringerung der Floatingspannug und des Energietransferkoeffizienten sowie ei-
ne wesentliche Erhöhung des Ionenenergiereflexionskoeffizienten Ri,E im Vergleich zum
senkrechten Magnetfeldeinfall beobachtet. Für die Anwendung in Fusionsexperimenten
ist damit mit einer Reduktion des Energieeintrages zu rechnen, die deutlich über die
Verringerung der Ionen- und Elektronenflußdichte hinausgeht.

Schlagwörter:
Plasma-Wand-Wechselwirkung, Plasmarandschicht, streifendes Magnetfeld, Energief-
luss





Abstract

In fusion experiments, the energy flux to the target plates is an important issue. In
order to spread the heat load, surfaces are usually designed to intersect magnetic field
lines at very shallow angles.

In the course of this work, a sensitive probe allowing simultaneous measurements of
energy flux and current density as functions of a bias voltage was developed. Extensive
experimental data on the particle and energy flux densities as functions of the angle
between a surface and the confining magnetic field are provided. An analytical model
is developed in order to reveal the physics involved; it is in good qualitative agree-
ment with the experimental results. The experiments were conducted at the PSI-2
facility, a linear divertor simulator with moderate magnetic field strength (B ≈ 0.1 T,
ne ≈ 1016 − 1019 m−3, Te ≈ 1− 15 eV, Ti ≈ 2/3Te). The probe was rotated in a spa-
tially homogeneous plasma. The active area, a tungsten covered Peltier module, was
immersed in a ceramic surface, closely resembling the geometry of a flush mounted
probe. Its dimensions were comparable to the ion gyro radius ri. While the electrons
were strongly magnetized (Hall parameter he ≈ 103), the ion conditions varied between
unmagnetized, hi < 1, and hi ≈ 102 depending on the ion species. Sheath parameters
(ion current density ji, floating potential Uf , energy flux density q, ion energy reflec-
tion coefficient RE and sheath energy transmission coefficient γ) were determined as
functions of the angle α between the probe surface normal and the magnetic field. An
apparent asymmetry in the angular dependence of the particle and energy flux densi-
ties was found experimentally; they could be explained qualitatively by basic geometric
considerations. For |α| exceeding about 80◦ some interesting deviations from the nor-
mal incidence conditions (α = 0◦) case were found: a pronounced reduction of the
floating potential is observed. This is also recovered in the angular dependence of the
sheath energy transmission coefficient γ. Additionally, an increase of the ion energy
reflection coefficient RE depending on the ion gyro radius is found.

With respect to an application in fusion research, the combination of both, the re-
duction of the floating potential and the increase of the ion energy reflection coefficient
at shallow angles of incidence, should result in reduced heat loads and, possibly, lower
sputtering yields beyond the mere reduction of the ion and electron flux densities.

Keywords:
plasma wall interaction, plasma sheath, oblique magnetic field, energy flux
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Chapter 1

Introduction

In 1879 an English physicist, Sir William Crookes, identified a fourth state of matter.
This state is usually attained when the mean kinetic energy of a set of atoms becomes
comparable to the binding energy of the electrons. As a consequence, electrons are
detached and the atom becomes a positive ion. Despite its global neutrality, it is
characterized by the presence of free charge carriers resulting in collective effects and
strong microscopic electrical fields. Half a century later this state was denoted as
“plasma” by one of the pioneers in plasma physics, Dr. Irving Langmuir in 1929.

On a universal scale, the plasma state is the most common form of matter. Plasma
makes up more than 99% of the visible universe. On earth, plasma occurs as a natural
phenomenon like the aurora as well as in technical applications. Quite unnoticed by the
general public, the outcomes of plasma physics have made their way into the everyday
life. Applications include plasma coated packaging foils, plasma etched micro circuits,
lighting devices, material treatment and environmental technologies. A future prospect
of plasma technology is also the utilization of nuclear fusion processes in a hydrogen
plasma as a source of energy.

Common to all technical applications of plasmas are the questions of plasma wall
interaction. Due to the unique plasma properties, namely the high energy of the
particles and the presence of free charge carriers, the mechanisms of this interaction
are fairly complicated and, since the early days of Langmuir, have been one of the
most pertinacious problems in plasma physics. In short, the problem comes down to
the formation of a sheath structure involving an intense electric field localized in front
of the solid. The plasma consists of electrons with a small mass and a high thermal
velocity and ions with a large mass and low thermal velocity. Consequently, the initial
electron flux to the surface of the solid greatly exceeds the ion flux. As a result, the
solid acquires a negative charge, reducing the electron flux and accelerating the ions
thereby finally enforcing an ambipolar flux.

While the energy demands of the world economy are still growing rapidly, the usage of
fossil fuels like coal or oil as well production of energy by means of nuclear fission are
overshadowed by unsolved problems of availability and hazardous residues. A possible
solution to this problem can be found in the utilization of nuclear fusion processes in a
hydrogen plasma. In this process, nuclei of hydrogen isotopes, deuterium and tritium,
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are fused to form a helium nucleus:

D+ + T+ ⇒4 He(3.5 MeV) + n(14.1 MeV) (1.1)

In this process, a large quantity of energy is released. However, the low probabiliy of
this reaction poses an essential problem to a technical application. To overcome this
constraint, a large number of nuclei with a considerable energy must be available. At
the same time the probability of this fusion reaction is also considerably lower than the
probability for simple Coulomb collisions. From this it follows that the nuclei have to
be confined for a time long enough to facilitate the fusion process.

These conditions may be met by confining a plasma composed of hydrogen and
deuterium in a closed toroidal magnetic field geometry. Of course, the confinement
cannot be complete. Even if an ideal plasma confinement could be accomplished, there
is a need to remove the generated energy and the helium ash from the core plasma.

The location of plasma wall interaction is usually limited to certain designated
areas either by geometry (limiter) or by applying a carefully designed magnetic field
configuration (divertor configuration).

At this point, the problem of plasma surface interaction comes into play. As an
additional complication to the sheath problem, the plasma wetted surface usually in-
tersects the magnetic field at nearly grazing incidence in order to mitigate the heat
load.

Given the importance of the issue, great effort has been spent on the subject of
plasma wall interaction in the presence of magnetic fields in the past already. Gen-
erally, two major types of experiments can be identified. On the one hand, there are
experiments conducted at larger fusion facilities, usually with tokamak or stellarator
geometry. Their major designation usually is the investigation of plasma confinement
and magnetohydrodynamics in the main plasma. However, issues of plasma wall in-
teraction are also of great concern for the evaluation of plasma parameters from probe
characteristics as well as for the design of limiters and divertor geometries. On the
other hand there is a class of experiments specifically designed to study the subject of
plasma wall interaction. Those experimental setups are usually referred to as “divertor
simulators”.

Direct measurements of quantities within the plasma sheath are usually limited
to low densities due to the small spatial extension of the sheath ≈ 5λD. Remark-
able measurements of the electrical field in a plasma sheath can for example found in
[Czarnetzki et al., 1998]. For experiments within a parameter range relevant to fusion
research, only indirect conclusions based on measurements of potential, particle- and
energy flux density are feasible.

Fluxes of ions and electrons as well as plasma density and temperature are usu-
ally inferred from Langmuir probe measurements. These electrical probes can be
embedded into divertor or limiter structures. Due to the high heat load and the
increased duration of the experiments nowadays those probes are usually placed at
level with the surrounding structure and are commonly referred to as “flush mounted”
probes. However, the interpretation of current voltage characteristics acquired in
this manner is quite complicated and experiments have shown considerable devia-
tions from conventional prodruding probes[Carlson et al., 1997, Matthews et al., 1990,
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Gunn et al., 1995, Wolters et al., 1999]. In particular, the electron temperature is sub-
stantially overestimated if conventional evaluation procedures are applied. Further
problems arise for the determination of the plasma density due to a pronounced non-
saturation of the ion and electron current. As a consequence, there is also an ongoing
theoretical effort on this subject[Gunn et al., 1995, Gunn, 1997, Weinlich and Carlson, 1997,
Bergmann, 2002, Bergmann, 1994].

The energy flux density to a surface can be determined in several ways: The temper-
ature of a surface can be measured thermographically. The energy flux density is then
calculated based on the equations of heat conduction. This method is especially suited
for observing large structures with a good spatial and temporal resolution, e.g. limter
and divertor plates as well as the first wall[Denner et al., 1999, Finken et al., 2000,
Hildebrandt et al., 2003, Masuzaki et al., 1995, Takamura et al., 2000]. A drawback of
this method is the considerable amount of mathematical modeling required to trans-
form the measured temperature pattern into the desired energy flux density. It also
requires an unobscured line of sight and can be disturbed by infrared radiation from
the edge plasma.

For actively cooled components, the average energy flux density can be calculated
from the temperature difference between the incoming and outgoing coolant and its
flow rate. Evidently, this method has a very limited spatial and temporal resolution
only. It is, however, very straightforward in application and interpretation.

As a compromise between accessibility and resolution it is also possible to use spe-
cific energy flux detectors wich can be embedded into some other structure or can be
directly exposed to the plasma. These detectors can also be combined with measure-
ments of the current density as it is done in this work. A number of experiments
of this type has been conducted previously. Some examples are [Seki et al., 1977,
Kimura et al., 1978, Manos et al., 1983, Manos et al., 1982, Budney and Manos, 1984,
Stangeby et al., 1982, Stangeby et al., 1983, Koch et al., 2001].

The purpose of this work was to improve our understanding of the physical mecha-
nisms occuring in the magnetized sheath. At the PSI-2 facility, excellent working
conditions were found for this enterprise. It was devised as a facility to test diagnos-
tics and components for the divertor region. Hence, the plasma conditions are almost
comparable to those in the plasma wall interaction region of larger fusion experiments.
Due to the steady state mode of operation, different kinds of measurements could be
performed under identical conditions permitting the cross checking of different quanti-
ties.
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Chapter 2

Experimental setup

2.1 The PSI-2 facility

In order to assess the measurements presented within this work, it is especially impor-
tant to explicate the experimental environment, most notably the magnetic field, the
plasma conditions and the detailed setup employed to carry out the angular resolved
measurements. The experiments have been performed at a linear divertor simulator,
the PSI-2 facility in Berlin. At the PSI-2 facility, the plasma is generated by means of
a stationary arc discharge (Idis < 103 A) and confined by means of an axial magnetic
field generated by six collinear coils.
The magnetic field varies spatially and is of the order of 0.1 T. The structure of the
device, as depicted in Fig. 2.1, can be divided into four sections, the discharge region,
a differential pumping stage, the target chamber and finally the so called dump region
where the plasma is terminated.
In the discharge region the plasma is generated in a stationary low pressure arc dis-
charge. The discharge occurs between the inner area and the rim of a heated lanthanum
hexaboride hollow cathode and the inner surface of a molybdenum hollow anode. The
cathode is heated to provide a sufficient level of thermionic emission. This prevents the
constriction of the arc and the formation of an arc spot. Both, cathode and anode, are
of hollow cylindrical shape, diameters of about 5 cm. In order to spread the heat load,
cathode and anode surfaces are intersected by the magnetic field at a shallow angle.
The working gas is fed into the discharge region at a constant flow rate maintained my
means of a flow controller. The resulting neutral gas pressure in the discharge region
is typically of the order of 10 Pa.
From the discharge region, the plasma expands currentless along the magnetic field lines
into the target chamber where various experimental arrangements can be mounted. In
order to perform experiments at neutral gas pressures significantly lower than those
necessary for maintaining a quiescent discharge, the target chamber is separated from
the discharge region by a differential pumping stage. It consists of a high-capacity turbo
molecular pump combined with a tungsten tube framing the plasma diameter sustained
by a water cooled carbon structure. Finally, the plasma is terminated by a water cooled
tungsten plate in the dump region. Like the differential pumping stage, this region is
strongly pumped to prevent the neutral gas to flow back into the target chamber.
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Figure 2.2: Measurement positions in the target chamber (side view).

2.2 The frame of reference

After outlining the general setup of the PSI-2 facility, a set of coordinates should be
established to facilitate the subsequent explanations. The vertical and horizontal axes
are denoted as x and y-axis respectively, the z-axis is defined by the symmetry axis
of the magnetic field. Together, these axes form a right-handed coordinate system.
In this frame of reference, the plasma flows in the positive z-direction from the dis-
charge region (upstream) to the neutralizer plate (downstream). Fig. 2.1 depicts the
chosen coordinate system and the orientation of the magnetic field for the standard
configuration.

For the characterization of the measurements with rotatable probe heads, the angle
α is introduced as a parameter. It refers to the angle between the magnetic field ~B
and the surface normal of the active area. A detailed description of the setup for those
measurements will be given in section 5.1.

All measurements are performed in the target chamber. Fig. 2.2 indicates the
possible probe positions. The rotatable probe heads are introduced side-on in the
negative y direction at T2,s, radial profiles of the plasma parameters are obtained
using small probes moving along the x-axis at T1, T2 and T3 from the top side of the
vacuum vessel. The corresponding distances along the z-axis between the radial probe
measurements and the rotatable probe are listed in table 2.1.
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T1 T2 T2,s T3

-398.5 mm -52 mm 0 348.5 mm

Table 2.1: Radial probe locations at the top of the target chamber relative
to the position of the rotatable probe heads (T2,s). T1 and T2

are located towards the cathode, T3 is towards the neutralizer
plate (see Fig. 2.2).

2.3 The magnetic field

2.3.1 Externally applied magnetic field

The coils generating the magnetic field are located outside the vacuum vessel. Their
position is fixed, but the individual currents can be varied in order to obtain different
magnetic configurations. Owing to the axial symmetry of the coil assembly, there is
no poloidal component of the magnetic field. As there is a large spacing between the
coils, however, a radial component has to be considered.

Calculating the magnetic induction

The magnetic induction ~B may be calculated by application of the Bio-Savart-law

~B (~x) =
6∑

k=1

µ0

4π

∫
Vk

d3x′
~jk × [~x− ~x ′]

|~x− ~x ′|3
, (2.1)

where Vk is the volume of the kth coil and ~jk(~x) = jk~eφ is the current density. Changing
to cylindrical coordinates we find the magnetic induction to be

~B (r, z) =
µ0

4π

6∑
k=1

∫∫∫
Vk

[
jk [z − z′] cosφ′√

r2 + r′2 − 2rr′cosφ′ + [z − z′]
3 r′dr′dφ′dz′~er

+
jk [r′ − rcosφ′]√

r2 + r′2 − 2rr′cosφ′ + [z − z′]
3 r′dr′dφ′dz′~ez

]
.

(2.2)

Along the axis of symmetry, r = 0, the previous expression can be integrated analyt-
ically. While the first term vanishes due to the rotational symmetry, the second term
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yields the z-component of the magnetic induction:

Bz (0, z) =
6∑

k=1

[
z′
[
ln

(
r′ +

√
[z − z′]2 + r′2

)
− 1

]

− ln

2

z
+

2
√

[z − z′]2 + r′2

zr′

]∣∣∣∣∣
z′=zk,2,r′=rk,out

z′=zk,1,r′=rk,in

(2.3)

=
µ0

2

6∑
k=1

jk

[
[z − zk,2] ln

 rk,in +
√

rk,in
2 + [z − zk,2]

2

rk,out +
√

rk,out
2 + [z − zk,2]

2


− [z − zk,1] ln

 rk,in +
√

rk,in
2 + [z − zk,1]

2

rk,out +
√

rk,out
2 + [z − zk,1]

2

] ≡ B0 (z)

(2.4)

In the above equation, each coil is represented by its geometry (axial position zk,1 and
zk,2, inner and outer radius rk,in and rk,out) and the applied current density jk. Assuming

Bz(r, z) to be constant along r for sufficiently small radii r, the radial component of ~B
can be deduced using Maxwell’s equation:

div ~B = 0 (2.5)

1

r

∂

∂r
[rBr] +

∂Bz

∂z
= 0 (2.6)

⇒ Br ≈ −
r

2

∂Bz

∂z
(2.7)

Apart from the absolute value of the magnetic induction, the angle of the magnetic
field is essential for most processes involving plasma surface interaction. Consequently,
for the measurements concerning the plasma wall interaction at oblique magnetic field
conditions presented here, the spacial homogeneity of the magnetic field requires special
attention. All experiments concerning angular dependencies are conducted at the center
of the target chamber as indicated in Fig. 2.1. The magnetic induction is calculated
numerically according to equation (2.2) on the probe surface as a function of the angle
α of the probe. In Fig. 2.3 the maximum deviation of the local field angle from the
angle of the probe is plotted as a function of α. If the probe head is located right at
the symmetry axis of ~B, the deviation vanishes for |α| → 90◦. Even in case of large
displacement of the probe head, the alignment of the magnetic field with respect to
the probe surface remains accurate down to at least 0.1◦ and the absolute value of ~B
at the probe position may be safely calculated from equation (2.4).

2.3.2 Plasma diamagnetism

For a comprehensive treatment of the magnetic field the diamagnetic nature of the
plasma should also be mentioned. The magnetic field strength ~B is composed of two
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αααα2

αααα3

αααα1

line of force

(a) The angle of incidence varies along
the probe surface.

(b) The lower curve is calculated assum-
ing optimal alignment with regard to the
axis of symmetry. The upper one corre-
sponds to a misalignment of 10 mm off
axis.

Figure 2.3: Maximum deviation of the local magnetic field angle from the
homogeneous case due to the radial component of the magnetic
field.

components:

~B = µ0

[
~H + ~M

]
(2.8)

The first one is due to the magnetic intensity ~H caused by the magnetic coils.

~H =
1

µ0

~Bvac (2.9)

The second one is due to the magnetic dipole density ~M generated by the gyro motion
of ions and electrons as each charged particle contributes a fraction of µi,e = kTi,e/B. It
can be expressed by means of the ratio β of the plasma pressure p to the magnetic-field
pressure pmag = B2

2µ0
.

~M = [~µe + ~µi] npl = −k [Te + Ti]

B
npl

~B

B
= − p

B2
~B = − β

2µ0

~B (2.10)

Hence, the relative contribution of the plasma diamagnetism to the magnetic field is
also determined by β:

B −Bvac

Bvac

= −β (2.11)

Since the plasma generated at the PSI-2 facility is a low β plasma with typical values
of β = 10−4, diamagnetic effects may be safely neglected for the experiments presented
here.
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Figure 2.4: Exemplary profiles of plasma density and electron temperature
for an argon plasma. The asymmetry of the density measure-
ments can be attributed to the increasing perturbation as the
probe penetrates the plasma column.

2.4 Shielding effects

Effects of plasma surface interaction usually occur on a very small scale length of several
Debeye lengths λD. The Debye length is determined by the electrostatic shielding of
an unbalanced charge within the plasma. It is related to the plasma density and
temperature:

λD =

√
ε0kTe

nple2
(2.12)

For the plasma parameters encountered in the experiments presented here, the Debye
length ranges from λD = 0.01 mm (high density, low temperature) to λD = 0.2 mm
(low density, high temperature).

2.5 The plasma parameters

Owing to the discharge geometry, the majority of the discharge power is deposited
within the flux tube connecting anode and cathode. Consequently, the plasma param-
eters usually exhibit a hollow structure, as can be seen in Fig. 2.4. While the plasma
edge is characterized by steep gradients, the core plasma is reasonably homogeneous.

A key feature of the PSI-2 device is the rather high ion temperature which is
not easily achieved in other divertor simulators. It is experimentally observed to be
Ti ≈ 2/3 Te[Jensen, 1998]. The reason for this is stochastic heating of the ions facili-
tated by the long axial extention of the discharge region in combination with the arising
radial electric fields[Nishijima et al., 1999].
Because of the low neutral gas pressure in the target region, the degree of ionization is
usually quite high[Klose, 2000],

αion =
npl

npl+n0
≈ 80 . . . 95% . (2.13)
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Figure 2.5: The Hall parameter calculated for a plasma density
npl = 1017 m−3 and neutral gas density of n0 = 1016 m−3

(B = 88 mT).

The plasma conditions for the experiment were limited to densities npl < 1018 m−3 and
temperatures Te < 8 eV by the maximum tolerable heat load on the probe head, about
16 kWm−2.

2.6 Particle confinement and collisional effects

While the magnetic field confines the particles, collisions cause a cross-field diffusion.
Therefore, it is important to consider the particles mean free path lengths and collision
frequencies with respect to their gyro motion. For a particle of mass m and charge q,
the gyro radius and the gyration frequency are simply given by

rg =
mv⊥
|q|B

(2.14)

and

νg =
|q|B
2πm

(2.15)

respectively. In a typical plasma several particle species, e.g. ions, electrons, neutrals,
are present. Consequently, different types of collisions need to be considered. Firstly,
charged particles can collide among themselves, yielding the respective collision fre-
quencies νee, νii and νei. The collision frequency for momentum exchange is given by
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[Hinton, 1983]:

ναβ =
16
√

π

3mα

[
1

mα

+
1

mβ

]
q2
αq2

βnβ lnΛ

[4πε2
0]

2 [
v2

th,α + v2
th,β

]3/2
. (2.16)

vth,α and vth,β denote the thermal velocities of the colliding particles. lnΛ is the
Coulomb logarithm, a dimensionless parameter. Here Λ is the ratio of the Debye
length and the mean impact parameter for a 90◦ deflection in a Coulomb collision.
Secondly, ions and electrons can be scattered by the neutral gas. In this case, the
collision frequency depends on the collision cross section σα0, the neutral gas density
and the thermal velocity vth,α of the charged particle.

να0 = σα0n0vth,α (2.17)

The number of gyrations between two successive collisions defines the Hall parameter:

h :=
ωg

νc

= ωgτc (2.18)

A particle species is considered to be magnetized if h � 1. Fig. 2.5 contains plots
of the Hall parameter for plasma conditions encountered in this thesis. While the
electrons are strictly magnetized, this is not generally true for the ions. Lighter ions
up to helium can be considered magnetized, while heavier ions like argon should be
treated as unmagnetized. It should be noted, however, that even those ions are properly
confined due to radial electric fields: Since the electrons cannot follow the ions when
those leave the plasma column, a strong space charge occurs and counteracts the ion
motion[Naujoks, 2002].

2.7 Radial Langmuir probe measurements

In order to study the overall plasma conditions as well as to study the perturbation of
the plasma due to the large probe heads used for the angular resolved measurements
on the plasma, radially resolved measurements are conducted at positions T1 or T2

upstream and T3 downstream as indicated in Fig. 2.2 and table 2.1. These radial
profiles are measured by moving Langmuir probes. Fig. 2.6 gives a schematic drawing
of the probes employed. Albeit designed for the use as double probes, only one of the
tips is utilized and operated as a single probe. During probe operation, the probes are
moved at a constant speed. The position is recovered a posteriori from the recorded
time, the probe speed and the starting position. Normally, the probe is moved at 1.7
mm/s with 4 voltage ramps per second, yielding a vertical resolution of 0.4 mm. The
signals are sampled at a rate of 20 kHz, resulting in 5000 points per characteristic.
A common data acquisition system is used for all electrical measurements presented
in this work. The basic wiring scheme is shown in Fig. 2.7. For applications with
stationary biasing or slow voltage ramps, a bipolar operational power supply (KEPCO
BOP 200-1M) with an IEEE-488 interface is used. Fast voltage ramps are generated by



14 Experimental setup

Figure 2.6: The Langmuir probes used for measurements of radial plasma
parameter profiles. The tips have a length and diameter of
1.5 mm. The insulating AlO3 ceramic tube diameter amounts
to 8 mm.

Figure 2.7: Simplified schematic of the electrical probe setup.
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a Langmuir probe system (Langmuir 5) designed for this purpose. For both cases, data
is collected using a 16-bit multi channel recording device (Nicolet Vision). While the
probe voltage is measured directly, a shunt resistor is used to measure the probe current.
The shunt resistor can be varied (Rs = 0.1, 1.0 or 10.0 Ω) according to the desired
current range to ensure an optimum signal to noise ratio. The process of evaluation is
illustrated in Fig. 2.8. Each characteristic is first smoothed and down-sampled to 1000
points. Then the characteristic is differentiated numerically to obtain the first and the
second derivative with respect to U . The floating potential is determined from the
zero crossing of j(U). Plasma density and the electron temperature are evaluated from
the data by applying the basic theory described in chapter 3 neglecting magnetic field
effects. The ion saturation current density jsat

i is essentially taken to be constant below
the plasma potential, increasing only slightly due to the sheath expansion for negative
bias voltages. For voltages above the plasma potential, it decays exponentially.

ji (U) =


jsat
i + c [U − Upl] U ≤ Upl

jsat
i exp

(
−e [U − Upl]

kTi

)
U > Upl

(2.19)

Thus j(U) is fitted linearly in the ion saturation region and extrapolated to the plasma
potential to determine the ion saturation current density jsat

i . Its value depends on the
plasma density at the sheath edge and the ion sound speed1:

jsat
i = −ensecs= −e

1

2
nplcs , cs =

√
k [Te + γaTi]

mi

(2.20)

The electron current, on the other hand, rises exponentially and more or less saturates
at bias voltages sufficiently above the plasma potential Upl:

je (U) =

 jsat
e exp

(
e [U − Upl]

kTe

)
U ≤ Upl

jsat
e U > Upl

(2.21)

The electron saturation current is determined by the thermal flux of electrons to the
probe surface:

jsat
e = enpl

vth,e

4
= enpl

√
kTe

2πme

(2.22)

Fig. 2.8(c) depicts the determination of the electron temperature Te. It is retrieved from
the characteristic by means of a linear fit to ln(j(U)− jsat

i (U)) in a range U1 ≤ U ≤ U2

determined by Upl and Uf :

U1 =
Uf + Upl

2
− 0.7

|Uf − Upl|
2

(2.23)

U2 =
Uf + Upl

2
+ 0.4

|Uf − Upl|
2

(2.24)

(2.25)

1The presheath density nse/npl = 1/2 drop was calculated according to a fluid model for the
presheath (see chapter 3.1.1). Another value commonly found in textbooks is nse/npl = exp(−1/2) =
0.61.
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theoretical experimental

(a) j(U) characteristic. The thin lines in the theory plot represent the ion and electron
contributions according to eqs. (2.19) and (2.21).

(b) First and second order derivative of the j(U) characteristic. The turnig point of j(U),
i.e. the zero crossing of the second derivative, is identified as the plasma potential Upl.

(c) Semi logarithmic plot of the j(U) characteristic. The hatched area indicates the range
used for evaluating the electron temperature Te.

Figure 2.8: Illustration of the Langmuir probe evaluation procedure. All
potentials are given with respect to the ground potential at-
tached to the vacuum vessel. The dashed vertical bars indicate
the locations of the plasma and the floating potential.
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This voltage range is chosen empirically to facilitate a reliable determination of the
electron temperature for the large range of plasma conditions encountered in the ex-
periments. While jsat

i and Te can be readily determined from the characteristic, j(U),
the adiabatic exponent γa, the ion temperature Ti and the preasheath density drop
nse ≈ npl/

√
e are inaccessible for simple single probe measurements. Consequently, a

single empircal parameter

αB =
nse

npl

√
1 + γa

Ti

Te

, 1/2 ≤ αB ≤ 2e−1/2 (2.26)

is used to account for both, the presheath density drop as well as for a finite ion
temperature[Klose, 2000]. Using this parameter, the plasma density is calculated from
the ion saturation current and the electron temperature:

npl = −jsat
i (Upl)

αB

√
mi

kTe

, αB ≈ 0.6 (2.27)

While the voltage applied to the single probe is, of course, relative to the grounded
vacuum vessel, for the calculation of the sheath potential drop it is vital to determine
the plasma potential. Focusing on the theoretical plot in Fig. 2.8(a), we see that the
plasma potential is charactrized by a knee in j(U) and a discontinuity in the derivative .
At the same point, j(U) also abruptly changes the sign of its curvature, i.e. d2j(U)/dU2.
In the exprimental data, Fig. 2.8(a), the knee of the characteristic is considerably less
pronounced. Also, instead of a discontinuity of dj(U)/dU , Fig. 2.8(b) shows only a
broad maximum. The sharp sign change of the curvature, however, is also observed
and consequently used for the determination of the plasma potential.

2.8 Closing the probe circuit

While the preceeding section is concerned with a single probe surface interacting with
the plasma, probe measurements require a closed circuit. Consequently, apart from the
probe surface, the counter electrode as well as the plasma in between are considered.
In the presence of a magnetic field, the current flow perpendicular to the magnetic
field is suppressed and the counter electrode can be quite localized. Any current at
the probe surface requires a current of the opposite sign at the counter electrode. As
a consequence, the combination of the probe and the counter electrode behaves quite
similar to a double probe: The applied voltage is divided in a way that the current at
both surfaces has the same absolute value and the opposite sign at the probe and at
the counter electrode. From this it follows, for example, that the electron saturation
current to the probe is limited not only by the plasma parameters at the probe location
but also by the ion saturation current at the counter electrode.

In Fig. 2.9 the electrical arrangement of cathode, anode, probe and neutralizer
plate is sketched. The probe current flows parallel to the magnetic field into the anode
cathode region. There, the circuit can be closed towards the anode because of the
comparatively high conductivity perpendicular to the magnetic field associated with
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UAC Uprobe

Iprobe

anode
cathode plasma neutralizer plate

probe

B
Figure 2.9: Schematic drawing of the electric connection of cathode, anode

and probe. Between the cathode and the grounded anode the
discharge voltage UAC is applied. The potential of the conduct-
ing neutralizer plate is floating. The measurements are per-
formed about half way between the anode and the neutralizer
plate.

the high local neutral gas density. In case the probe surface is not facing the discharge
region, the current flows towards the neutralizer plate. Here the local neutral gas
pressure is also increased and the current can flow perpendicularly to the magnetic
field. In addition, the inner field lines are connected to the outer field lines also by
means of the conducting neutralizer plate.

Similar considerations apply to the rotatable probe measurements. In order to
minimize any effects introduced by the counter electrode, special care has been taken
to keep the probe surface at the same spatial location during rotation. This way it
is ensured that the counter electrode remains the same for all measurements and all
differences observed can be attributed to effects in the vicinity of the probe.

Most results are acquired with the probe surface below the floating potential. In
this case, the probe current is limited by the ion current which can be easily supplied by
the counter electrode. For the voltage range above the floating potential, the situation
is more complicated: The electron current at the probe becomes dominant and requires
a corresponding ion current at the counter electrode effectively limiting the absolute
value of the probe current to the ion saturation current at the counter electrode. While
this appears to be a serious limitation, in practice this is less restrictive: In general
the area of the counter electrode is much larger than the size of the probe area and,
at least for the case of a hydrogen plasma, the electron saturation current of the probe
attains the theoretically expected value.



Chapter 3

Theory of the plasma sheath

The interaction between a solid object and a plasma consisting of positively charged ions
and negatively charged electrons has been a subject of ongoing investigations since the
first experiments carried out by Langmuir in the 1920s [Mott-Smith and Langmuir, 1926].
Even today, some aspects are not yet fully understood. Recent reviews of this vast field
can, for example, be found in [Riemann, 1991, Riemann, 2000] and [Stangeby, 2000].

The plasma wall interaction is characterized by the formation of a positive space
charge layer. The typical scale length for this effect, as for all shielding effects in
plasmas, is the Debye length λD. The development of a detailed model of the plasma
sheath including magnetic field effects is a challenging task. The full problem cannot be
described by analytic solutions and is usually only accessible by self consistent numer-
ical methods like “particle/cloud in cell” (PIC/CIC) or Vlasov codes [Chodura, 1982,
Bergmann, 1994, Shoucri et al., 2002]. Due to limitations of computing capacities, up
to today, only comparatively simple geometries have been investigated, although re-
cently some more realistic calculations were performed [Bergmann, 2002]. In the ex-
perimental setup presented here the probe dimensions are not large compared to the
scale length introduced by the ion gyro motion. Consequently, the experimental re-
sults are dominated by finite size effects and there is no integral of motion. Because
of this, a dimensional reduction of the problem is impossible and a full treatment in a
six dimensional phase space would be required. However, up to now, this is impossible
due to the limited computing power of current computer systems.

Therefore, this work will be confined to basic models in order to define the param-
eters involved. First, the so called Bohm criterion at the sheath edge will be deduced
from a simplified one-dimensional plasma model following the presentation by Stangeby
[Stangeby, 2000]. A more general expressions for the Bohm criterion will then be given
without derivation. Based upon this, expressions for the measurable quantities will be
derived. In a second step, this basic model will be extended by physical arguments in
order to fit the experimental requirements.



20 Theory of the plasma sheath

(a) potential (b) ion and electron density

Figure 3.1: The plasma wall interaction is charachterized by two regions
with different scale lengths: the presheath where the scale
length is determined by the plasma source mechanism and the
electrostatic sheath scaling with the Debye length.

3.1 Deduction of the Bohm criterion from a one-

dimensional sheath model

We consider a plasma created in a volume far away from the region of interest. The
distribution functions fi and fe are assumed to be Maxwellian distributions with ion
and electron temperature Ti and Te, respectively. In z-direction, at z = 0, the plasma
is terminated by an infinite plane, the “wall”. The space in front of the wall is divided
into three regions:

1. The bulk plasma, undisturbed by electrical fields and fully satisfying the charge
neutrality.

2. The pre-sheath, where weak electrical fields are present, but the assumption of
charge neutrality is still justified. Its spatial extention L is governed by the ion
and electron mean free path lengths.

3. The sheath, extending only a few Debye lengths λD � L, where the electrical
fields encountered are sufficiently strong to break up quasi neutrality. Due to
its very limited extension, ionization and collisions can be neglected within this
region.

3.1.1 Undisturbed plasma, pre-sheath

In this section, we will derive the Bohm condition starting out from the undisturbed
plasma in a one-dimensional magnetohydrodynamic (MHD) model. In this model, the
plasma is described by a set of macroscopic equations in terms of the plasma density
npl, the flow velocity u and the pressure ppl. It should also be noted that the following
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equations are based on four important approximations: Since the electron mass me

is small compared to the ion mass mi the electron inertia terms are dropped. A low
collisionality is assumed and friction forces are disregarded. The plasma is taken to be
quasi-neutral, ni = ne = npl. Finally, the plasma considered here is current free, j = 0.

First, there is the continuity equation derived form the individual ion and electron
continuity equations. In this equation, the source strength S combines plasma sources
(ionization) as well as plasma sinks (recombination).

d

dz
[nplu] = S (z) continuity (3.1)

Second, the individual equations of motion provide us with

d

dz

[
minplu

2 + ppl

]
= 0 single fluid equation of motion (3.2)

Ez +
1

enpl

dpe

dz
= 0 generalized Ohm’s law (j = 0) (3.3)

In order to provide a complete set of equations, an equation of state must be added:

p = nplk [Te + Ti] ideal gas equation (3.4)

Substituting
dnpl

dz
from equation 3.1 into equation 3.2 results in a differential equation

for the velocity. As a simplification, the electron and ion temperature are taken as
spatially constant. This is justified since the energy transport from the plasma to the
target is limited by the sheath and is mainly accomplished by convection and not by
conduction.

du

dz
=

S (z)

npl

k[Te+Ti]
mi

+ u2

k[Te+Ti]
mi

− u2
(3.5)

Looking at the above equation, we notice a singularity for

u =

√
k [Te + Ti]

mi

= cs . (3.6)

This velocity is commonly referred to as the the ion sound speed cs and the spatial
position at wich this velocity is attained is defined as the sheath edge. If the bulk
plasma is assumed to be at rest, u = 0, this defines the Bohm criterion at the sheath
edge:

u ≤ cs Bohm criterion from the pre-sheath side. (3.7)

Rewriting equation 3.5 using the Mach number

M =
u

cs

(3.8)
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yields

dM

dz
=

S (z)

nplcs

1 + M2

1−M2
. (3.9)

As boundary conditions we will assume M = 0 at a distance of z = −L from the sheath
edge (the bulk plasma at rest) together with M = 1 at the sheath edge. If S (z) is
known equation 3.9 can be easily solved. For the important case of S (z) ∝ npl (electron
impact ionization) the plasma density cancels out and M(z) is implicitly given by

2 arctan (M)−M =
π
2
− 1

L
z (3.10)

where L is the characteristic length of the presheath as determined by the ionization
rate coefficient.

Returning to equation 3.2 and rearranging it we also get the plasma density as a
function of the velocity:

d

dz

[
nplc

2
s

[
M2 + 1

]]
= 0 (3.11)

npl (M) =
npl (M = 0)

1 + M2
(3.12)

Hence, the plasma density at the sheath edge is reduced with respect to the bulk plasma
density by a factor of 1

2
.

Using Ohm’s law from equation 3.3 we can also calculate the electric field acceler-
ating the ions as a function of M . At this point, it is interesting to point out that the
electric field is entirely driven by the electron pressure gradient:

E (M) = − 1

enpl

dpe

dz
(3.13)

=
kTe

e

2M

1 + M2

dM

dz
(3.14)

=
kTe

e

S (z)

nplcs

2M

1−M2
(3.15)

Spatial integration of the electric field yields the potential difference between the plasma
and the sheath edge:

Use − Upl = −
0∫

−L

E (z) dz (3.16)

= − ln 2
kTe

e
(3.17)
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3.1.2 The electrostatic sheath

In this section we will approach the boundary condition at the sheath edge from the
sheath side. At the sheath edge the MHD description of the plasma breaks down with
a singularity. Within the plasma sheath we have to abandon the concept of quasi
neutrality and to apply the Poisson equation. Consequently, we distinguish between
ni and ne as well as ui and ue. In order to bring out the essential structure of the
problem without introducing excessive mathematical overhead, from now on we will
assume monoenergetic ions, i.e. Ti = 0. Within the negative sheath potential, the ions
are accelerated. Their velocity ui can be obtained from the conservation of energy:

1

2
miu

2
i = −e [U(z)− Upl] (3.18)

In the above equation, Upl denotes the plasma potential in the region of the bulk plasma
where ui = 0. As the sheath thickness is usually of the order of the Debye length λD

and thus very small (≈ 0.1 mm), particle sinks and sources can be neglected. The
ion density then immediately follows from the preceding equation combined with the
particle conservation expressed by eq. (3.1):

ni (U) = nse

√
Use − Upl

U − Upl

= nse

√
1

1 + U−Use

Use−Upl

(3.19)

The electron density can be described by the Boltzmann factor:

ne (U) = nse exp

(
e [U − Use]

kTe

)
(3.20)

Substituting equations (3.19) and (3.20) into Poisson’s equation we arrive at

d2U

dz2
=

ense

ε0

[
exp

(
e [U − Use]

kTe

)
−
√

1

1 + U−Use

Use−Upl

]
. (3.21)

For the deduction of the Bohm criterion we are concerned about the close vicinity of
the sheath edge where U ≈ Use. We can thus expand (3.19) and (3.20) in terms of
[U − Use]/[Use − Upl] � 1 and e[U − Use]/kTe � 1 respectively and obtain a linearized
version of equation (3.21):

d2U

dz2
=

ense

ε0

[
e

kTe

+
1

2 [Use − Upl]

]
[U − Use] (3.22)

A monotonic solution for U(z) requires

Use − Upl≤ −
1

2

kTe

e
(3.23)

and

ui ≥
√

kTe

e
= cs (3.24)
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Based on equations (3.24) and (3.7) we postulate the Bohm criterion in its marginal
form:

ui|se = cs (3.25)

A more refined treatment of the Bohm criterion including finite Ti as for example
presented in [Riemann, 1991] yields

cs =

√
k [Te + γaTi]

mi

, (3.26)

where γa is the adiabatic exponent for the ions (γa = 1 isothermal flow, γa = 5/3
adiabatic flow with isotropic flow and γa = 3 for one-dimensional adiabatic flow). In
the experiments presented here, the energy flow is mainly limited by the plasma sheath
and thus an isothermal flow, γa = 1, can be assumed.

3.2 Experimentally observable quantities

Having discussed some important properties of the sheath, we will now turn to the
experimentally observable quantities, e.g. the sheath potential drop, the particle- and
the energy flux density to a surface. With regard to the experimental data presented in
this thesis, we will assume that both, electrons and ions, can be described by distorted
Maxwellian distributions. We will start out with the particle flux densities assuming
that there is a a negative sheath potential. This is justified by the large thermal electron
velocity compared to the ion sound speed and the ion thermal velocity. The particle
flux densities determine the floating potential of the wall. Knowing the particle flux
densities and the floating potential, expressions for the ion- and electron energy flux
densities will be derived. Finally, an expression for the sheath energy transmission
coefficient, an important dimensionless parameter, is given.

Returning to ions with a finite ion temperature, the ion velocity distribution within
the sheath can be approximated by a shifted Maxwellian distribution as depicted in
Fig. 3.2:

fi (vx, vy, vz) = nplπ
−3/2

[
2kTi

mi

]−3/2

exp

(
mi

[
v2

x + v2
y + [vz − ui]

2]
2kTi

)
(3.27)

According to equation 3.25 the ion flow velocity at the sheath edge is given by the ion
sound speed, ui = cs. At the same point, according to equation 3.12 the plasma density
is reduced by a factor 1/2, nse = 1/2 npl. Consequently, the ion flux density through
the sheath edge is simply given by

Γi (U) =
1

2
nplcs = npl

√
k [Te + γaTi]

4mi

ion particle flux density. (3.28)

Since the ions are immersed in an attractive potential, every ion entering the sheath
will eventually arrive at the surface and recombine there with an electron from the
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(a) sheath edge

(b) wall

Figure 3.2: Sketch of the ion (left) and electron (right) distribution func-
tions.
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solid. If the area spanned by the sheath edge is approximately equal to the plasma
exposed surface area A, i.e. λD �

√
A, the above result is also equal to the sought-after

flux to the surface.
The electrons, on the other hand, must overcome a potential barrier. Only electrons

with sufficient kinetic energy can overcome this barrier and reach the surface. While
most of these are absorbed by the solid, a fraction Re,p is reflected at the surface. The
electrons at the wall can thus be described by a truncated Maxwellian function which
is damped by the Boltzmann relation (Fig. 3.2).1

fe (vx, vy, vz) = nplπ
−3/2

[
2kTe

me

]−3/2

exp

(
−me [vx

2 + vy
2 + vz

2]

2kTe

)
exp

(
e [U − Upl]

kTe

)
· [Θ (vz) + Re,pΘ (−vz)] (3.29)

Consequently, the electron particle flux density reads:

Γe (U) =

∞∫∫∫
−∞

vzfe (vx, vy, vz) dvxdvydvz (3.30)

= [1−Re,p] npl

√
kTe

2πme

exp

(
e [U − Upl]

kTe

)
(3.31)

Since the ions as well as the electrons are striking the solid surface at kinetic energies
comparable to the binding energies within the surface, the impinging particles can cause
the emission of secondary particles. The removal of surface atoms as ions is not likely for
the incidence energy encountered in the present experiments and, in addition, positive
particles cannot escape from the sheath.

Electrons escaping from the surface due to ion or electron impact or thermionic
emission, on the other hand, are accelerated away from the surface by the electric field.
This is considered by introducing the secondary electron emission coefficients δi (sec-
ondary electron emission due to ion impact) and δe (secondary electron emission due
to electron impact) in the global particle balance. Thermionic emission is disregarded
here as only cold surfaces are considered. It is important to note, however, that the
following considerations are valid only as long as δi and δe are sufficiently small. Oth-
erwise, they have a strong influence, not only affecting the flux balance, but the whole
structure of the sheath and the Bohm criterion itself. The flux density of secondary
electrons Γsee (U) can thus be written in terms of the incoming ion and electron flux
density:

Γsee (U) = −δiΓi (U)− δeΓe (U) secondary electron emission (3.32)

By means of the charged particle fluxes, the height of the potential barrier in front
of the surface can be calculated. If the surface potential U is not fixed, it is self-
consistently adjusted to ensure an ambipolar flux, Γi = Γe + Γsee. Applying equations

1The truncation is described mathematically using the Heaviside step function Θ(x) =

{
0 x < 0
1 x ≥ 0
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(3.28), (3.31) and (3.32), we can determine the corresponding floating potential

Uf = Upl +
1

2

kTe

e
ln

(
π

2

me

mi

[
1 + γa

Ti

Te

] [
1 + δi

[1−Re,p] [1− δe]

]2
)

. (3.33)

floating potential

The ion particle flux is also associated with an energy flux. It comprises the kinetic
energy of the ions, the heat flux, as well as the energy released during the recombination
process. Each ion deposits a fraction (1−Ri,E) of its kinetic energy at the surface,
where Ri,E is the energy reflection coefficient. Although the ion distribution function
in the sheath region will be severely distorted, we will approximate it by a shifted
Maxwellian with a temperature Ti and a flow velocity ui =

√
2[U − Upl]/mi. This

results in the ion kinetic energy flux density:

qi,k (U) = [1−Ri,E]

+∞∫∫∫
−∞

vz
mi

2

[
v2

x + v2
y + v2

z

]
fi (vx, vy, vz) d3v

= [1−Ri,E]

[
5

2
kTi + e |U − Upl|

]
Γi (U) ion kinetic energy flux density.

(3.34)

In addition to its kinetic energy, each ion recombining at the surface transfers some
of its recombination energy to the surface:

ER = Eion + Ediss︸ ︷︷ ︸
recombination into ground state

−Eex︸ ︷︷ ︸
excitation energy of the resulting neutral

−W︸︷︷︸
electron removal from surface

(3.35)

We devise a basic model: When the ion approaches the surface an electron from the
conduction band of the solid (in case of a metal) becomes bound in an atomic state with
the energy Eex with respect to the ground state. The superfluous energy, namely ER,
is transferred to the solid. This results in an additional energy flux density according
to

qi,p (U) = ERΓi (U) . (3.36)

As far as the electrons are concerned, there is a kinetic and an electronic contribution
to the energy flux density. In contrast to the ions, there is no need for an energy
reflection coefficient in case of the electrons. Using the electron velocity distribution
given in equation 3.29, the kinetic energy deposited at the surface therefore is

qe,k (U) =

∞∫∫∫
−∞

v2
x + v2

y + v2
z

2me

vzfe (vx, vy, vz) dvxdvydvz

= 2kTeΓe (U) electron kinetic energy flux density (3.37)
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Upon arrival at the surface, the electron is transferred to a bound state within the
solid. During this processes, energy equivalent to the binding energy, e.g. the work
function, is released:

qe,p (U) = WΓe (U) work function (3.38)

Finally, we want to consider the secondary electrons. The energy loss due to sec-
ondary electrons can also be divided into a kinetic and an electronic part. These
particles are released from the surface with negligible thermal energy and subsequently
accelerated towards the bulk plasma by the negative potential. The equivalent heat
flux is hence obtained to

qsee,k = −e |U − Upl|Γsee (U) = −e |U − Upl| [δiΓi (U) + δeΓe (U)] . (3.39)

loss of kinetic energy

The work function of the surface material, W , is also required to remove the secondary
electrons from the solid material:

qsee,p (U) = WΓsee (U) = W [δiΓi (U) + δeΓe (U)] work function (3.40)

Summing up the equations (3.34) to (3.40) we arrive at the total energy flux to the
surface given by

q (U) =qi (U) + qe (U) total energy flux density (3.41)

with

qi (U) =

[
[1−Ri,E]

5

2
kTi + e |U − Upl| [1−Ri,E − δi] (3.42)

+ Eion + Ediss − Eex − [1 + δi] W

]
Γi (U)

and

qe (U) = [2kTe − e |U − Upl| δe + [1− δe]W ] Γe (U) (3.43)

For application in plasma modeling and in order to facilitate comparison of measure-
ments under different plasma conditions, it is convenient to introduce the normalized
sheath energy transmission coefficient γ:

γ =
energy flux density for floating conditions

electron temperature · ion flux density for floating conditions

= [1−Ri,E]
5

2
τ + 2

+ [1−Ri,E − δi − δe] ln

(
π

2

me

mi

[1 + γaτ ]

[
1 + δi

[1−Re,p] [1− δe]

]2
)

+ [Eion + Ediss − Eex − [δi + δe] W ]
1

kTe

(3.44)
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Figure 3.3: Calculated examples of the sheath energy transmission coeffi-
cient for hydrogen and helium ions. The values are given for
Rp = RE = δe = δi = 0. The dashed lines indicate γ in the limit
Te →∞.

Obviously this expression does not depend on the plasma density. It is, however, vary-
ing with the electron temperature (∝ T−1

e ) and with the temperature ratio τ = Ti/Te.
The remaining parameters can be considered as constants for a given combination of
ion species, surface material and geometry. Some illustrative examples are given in
Fig. 3.3

3.3 Magnetic field effects

In general, the presence of a magnetic field causes a strong spatial anisotropy of the
plasma. While charged particles can move freely in the direction along the magnetic
field lines, their perpendicular motion is constrained by gyration, in lowest order in-
hibiting any perpendicular transport. Additional effects arise due to the interaction
with other forces acting upon the plasma particles, e.g. electrical fields and spatial
inhomogeneities. The magnetized plasma is characterized by several different scale
lengths.

λD =

√
ε0kTe

e2npl

Debye length (3.45)

re =

√
1
2
πkTeme

|q|B
thermal electron gyro radius (3.46)

ri =

√
1
2
πkTimi

|q|B
thermal ion gyro radius (3.47)

Especially important is the ratio of the scale lengths for magnetic field effects, i.e. ri

and re, and the scale length λD of the electrostatic sheath. Looking at these ratios, we
notice the same behavior with respect to temperature for the gyro radii and the debye



30 Theory of the plasma sheath

Figure 3.4: Ratio of electron (solid) and hydrogen ion (dashed) gyro radius
to the Debye length λD for low (thin lines) and high (bold lines)
magnetic field according to equations (3.48) and (3.49). For
simplicity τ = 1 was assumed.

length. It can therefore be expressed in terms of density, the magnetic field strength,
and the ratio τ of ion- to electron temperature:

re

λD

=

√
πe2nplme√
ε0|q|B

(3.48)

ri

λD

=

√
πe2nplmiτ√

ε0|q|B
(3.49)

Fig. 3.4 depicts the ratios re/λD and ri/λD for the experimental conditions encountered
within this thesis: npl ≈ 1016 . . . 1018 m−3, B ≈ 10 . . . 100 mT. As can be seen, the
usual relations are

λD . re � ri . (3.50)

Another important criterion for the modeling of a magnetized plasma is the ratio of
the collision frequency to the gyration frequency denoted as the Hall parameter which
was previosly introduced in section 2.6. Particles undergoing several collisions within
one gyro period are basically not affected by the magnetic field. Conversely, particles
completing several gyrations between two collisions can be considered as well confined.
We call those “magnetized”. A plot of the Hall parameter as a function of the electron
temperature is given in Fig. 2.5. For the experiments at the PSI-2, we usually find the
electrons to be strongly magnetized, h ≈ 1000. The magnetization of the ions depends
on their mass. For hydrogen, h ≈ 100 is a typical value, while argon can be considered
as non-magnetized (h . 1).

3.3.1 Probe measurements under normal incidence conditions.

Since the perpendicular motion of the magnetized particles is essentially inhibited while
the parallel motion is unimpeded this case can be treated by the simple one dimensional
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model described in section 3.1. However, the finite size of a probe in contrast to an
infinite wall must be carefully considered.

In view of the probes used in the measurements, we will consider an ideally flat
probe. If the scale length of the sheath is sufficiently small compared to the gyro
radii and the probe dimensions, we may take the plain probe area as the collecting
area and neglect any edge effects. The particle motion can be taken as a gyro motion
perpendicular to the magnetic field and the surface combined with a parallel motion
of the guiding center. As illustrated in Fig. 3.5 the probe will not only pick up the
particles whose guiding centers are part of its area, but also those where the center is
less than one gyro radius away from the boundary. In the same way, particles with
guiding centers within the probe area can miss the probe. How does this affect the
particle collection of the probe ? We will follow a geometric treatment of this problem
as given by G. Fussmann [Kiss’ovski et al., 2003]. Let the probe area A be described by
its boundary ~r(φ). For a particle of a given guiding center to hit the area, the guiding
center must be within a distance ±rg of the boundary. To solve this problem, we need
an unit vector normal to the boundary ~r(φ):

~t (φ) =
d~r

dφ
= tx~ex + ty~ey tangential unit vector (3.51)

~n (φ) =
ty~ex − tx~ey√

t2x + t2y
normal unit vector (3.52)

Thus all particles with guiding centers within the area defined by

~r1 (φ) = ~r − rg~n (φ) (3.53)

~r2 (φ) = ~r + rg~n (φ) (3.54)

have a chance to hit the probe area. Assuming spatial homogeneity, particles sharing
the same guiding center and gyro radius are evenly distributed along a circle. The
probability for a particle to hit the probe area is thus given by the fraction ∆φ/2π
where ∆φ is the angle of the circular section overlapping with the area. By integration
we obtain the total flux to the probe area:

Φ = Γ0

2π∫
0

r2∫
r1

∆φ

2π
r′dr′dφ =

Γ0

2π

2π∫
0

r2∫
r1

φ2∫
φ1

dφ′r′dr′

︸ ︷︷ ︸
A (see Fig. 3.5)

dφ = Γ0A (3.55)

We can conclude that, for a flat probe in a homogeneous plasma, the total flux to the
probe is unchanged by the presence of the magnetic field. The sheath is still essentially
an one-dimensional problem (along ~B). Accordingly, parameters like Re,p, Ri,E, δi and
δe as derived in section 3.1 can be expected to be unchanged by the magnetic field.
Nevertheless, the plasma regions from which the particles are collected are different for
different species and this has to be taken into account if the plasma is not spatially
homogeneous.
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φ2

φ1

r2

∆φ

r1

gyro center collecting area

active
area

(a) Gyro radius rg exceeding probe di-
mensions. The guiding-center collecting
area (grey) does not intersect the active
area of the probe.

φ1

φ2

∆φ 1r =0

r2

(b) Gyro radius rg smaller than probe
size. The collecting area is fully overlap-
ping with the active area of the probe.

Figure 3.5: Sketch indicating the collecting geometry for a flat probe per-
pendicular to the magnetic field for two different gyro radii.
The dark area indicates the actual probe area, the gray area
marks the guiding-center collecting area.
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Figure 3.6: Geometrical relations in case of an oblique sheath.

3.3.2 Oblique incidence of the magnetic field

The case of an oblique magnetic field is considerably more complicated. There are
basically two limiting cases to be distinguished: The first case is characterized by fric-
tion. The perpendicular transport is effected by collisions [Behnel, 1985] or other forms
of turbulent phenomena [Theilhaber and Birdsall, 1982]. In the second case, the total
absence of friction is assumed. This is a better approximation for the conditions en-
countered in our experiments and results in what is usually referred to as the “Chodura
sheath”. Fig. 3.6 illustrates the geometry for the oblique sheath. The angle between
the surface normal and the magnetic field vector is defined as α. Vector quantities are
subscripted with ⊥, || and n denoting their projected values perpendicular or parallel
to the magnetic field and perpendicular to the surface, respectively.

A basic feature of the Chodura model is the assumption of cold ions. The electron
gyro radius is taken to be small compared to the sheath extension. Furthermore, there
are three regions to be distinguished: the normal pre-sheath, a magnetic pre-sheath
and finally the electrostatic sheath. In his analysis, Chodura shows that at the interface
to the magnetic pre-sheath, the ions must satisfy the criterion

vi,|| ≥ cs . (3.56)

In the magnetic pre-sheath, where the electric and magnetic forces are of the same
order of magnitude, the ions are deflected from their motion parallel to the magnetic
field towards a motion perpendicular to the surface at the sheath edge. It extends over
a characteristic length of the gyro radius

Lmp = ri,s =
mics

eB
=

√
mikTe

eB
. (3.57)
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characteristic length magnitude

plasma extension, || B 2-3 m
plasma diameter, ⊥ B 0.1 m
pre-sheath L (||B) λion = 0.1 m
magnetic pre-sheath Lmp (⊥ B) ri,s = 10−2 m
sheath scale λD = 10−4 m

Table 3.1: Length scales for the presented experiments.

At the interface between the magnetic pre-sheath and the electrostatic sheath, the ions
meet the Bohm criterion perpendicular to the wall, i.e. vi,n ≥ cs. The properties of
the electrostatic sheath can then once again be calculated using the one-dimensional
model from section 3.1.2 neglecting the magnetic field. From the assumption of cold
ions, ri = 0, and negligible electron gyro radius,re/λD → 0, it follows that both,
electron and ion flux density towards the wall, can be described by a geometric cosine
dependence:

Γe,n (U) = [1−Re,p] npl

√
kTe

2πme

exp

(
e [U − Upl]

kTe

)
|cosα| and (3.58)

Γi,n (U) =
1

2
nplcs [1−Ri,p] |cosα| . (3.59)

For the secondary electron emission due to electron and ion impact we can return to
equation (3.32) and combine it with the above flux densities. We end up in first order
with an angular independent floating potential as given by equation (3.33). Neverthe-
less, particle simulations including a finite Ti carried out by Chodura [Chodura, 1982]
and calculations by Daybelge and others [Daybelge and Bein, 1981] do show a weak
angular dependence of the floating potential. Furthermore it should be noted that the
coefficients pertaining to the particle surface interaction, namely Re,p, Ri,E, δe and δi

may exhibit an implicit angular dependence. The emission of secondary electrons, for
example, is suppressed at angles |α| → 90◦ since the particles promptly return to the
surface. Similar arguments also apply to Re,p and Ri,p.

3.4 Corrections due to finite probe size

All models of a magnetized sheath cited so far assume an infinite wall, or at least a
flat probe immersed in an infinite area. In case of the experiments documented in this
thesis, however, finite size effects are quite relevant. Table 3.1 lists the characteris-
tic scale lengths encountered in the experiments. A way to include finite size effects
would be to calculate the particle trajectories within the magnetic and electric fields.
Fig. 3.7 depicts exemplary particle trajectories to a flat rectangular probe immersed
in a ceramic insulator. From these trajectories, the source region in both ordinary
and velocity space can be determined, as has been performed by Daybelge and Bein
[Daybelge and Bein, 1981] for the simple geometry of an infinite plane. The spatial
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Figure 3.7: Particle collection by a probe at grazing incidence. Those par-
ticles with sufficiently large gyro radius rg and velocity vz reach
the active area while the others are lost on the insulating sur-
faces of the probe.

structure of the electric field has to be determined by iteratively repeating this pro-
cedure in wich the field is changed according to the space charge obtained from the
previous step. For the truly three-dimensional problem, however, the self consistent
determination of electrical fields in this way appears utterly hopeless. The pronounced
reduction of the floating potential observed experimentally suggests a simpler approach
to the problem which will be pursued here. We just consider the undisturbed gyro tra-
jectories of the particles originating from a plane in front of the probe head. Effects
of the electric field above the surface are neglected. While, at first glance, this ap-
pears to be a serious limitation, it is based on the experimental results: At grazing
incidence Uf ≈ Upl is found and therefore E ≈ 0 is a reasonable approximation. The
model geometry is sketched in Fig. 3.8. The bulk plasma is assumed to ensure that
the particles are evenly distributed in the z = 0 plane. The plasma is charachterized
by a Maxwellian distribution expressed in terms of the gyro radius rg of the individual

particles (velocity components ⊥ ~B) and and the velocity along the z-axis vz:

f (rg, vz) = npl
1

2

[
qB

kT

]2

exp

(
−

q2B2r2
g

2mkT

)
exp

(
−mv2

z

2kT

)
rg (3.60)

Based on the flock of possible trajectories originating from each point in the z = 0
plane, each point is assigned with a weigthing function ps (x, y, rg, vz) which is the
probability for particles to hit the target surface at a given distance along the z-
axis. This weighting function is then integrated together with the distribution function
f (rg, vz) over the gyro center collecting area to yield the particle and energy flux to
the probe.

First we will discuss the case shown in 3.9(a). We start with particles of equal
gyro radii rg, with a guiding center at (x, y), homogeneously distributed over a circle
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Figure 3.8: Particle trajectories from a plane in front of the target to the
target surface.

of radius rg. The probability for a particle to hit the surface is given by the ratio of
the arc length above the surface to the total circumference:

p∗ (x, y, rg, vz) =
1

π
arccos

(
− x

rg

)
. (3.61)

However, in order to hit the active area of the probe, several additional criteria have
to be fulfilled. From geometric considerations it is evident that particles with guiding
centers within a certain area above and below the active area can contribute (dark area
in Fig. 3.9(a) and 3.9(c)). This gyro center collecting area can be parameterized by the
gyro radius rg and the width w of the active area along the y-axis:

−rg ≤x ≤ rg and (3.62)

−w/2 +
√

r2
g − x2 ≤ y ≤ w/2 +

√
r2
g − x2 . (3.63)

For the simple case of a semi-infinite stripe (l →∞) starting right at the edge (a = 0)
a very intuitive result can be obtained for the effective collecting area:

A =

+rg∫
−rg

y≤w/2+
√

r2
g−x2∫

−w/2+
√

r2
g−x2

1

π
arccos

(
− x

rg

)
dydx = rgw (3.64)
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tional flux contribution from the edge region.

Figure 3.9: Sketch illustrating the particle collection by a rectangular sur-
face immersed in a semi-infinite probe body.
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For finite l and a, the motion of the particle along the z-axis has to be considered.
Moving a distance z along the magnetic field implies a number of

N =
zωg

2πvz

(3.65)

gyrations. On the other hand, the trajectories of all particles starting out from z = 0
within the collecting area will intersect the probe surface within the first gyration.
Consequently, if

p∗ (x, y, rg, vz) <
a ωg

2πvz

, (3.66)

there is no flux to the collecting area. Also, if

p∗ (x, y, rg, vz) >
(a + l) ωg

2πvz

, (3.67)

the excessive portion of p∗ is lost. Combining these criteria, three cases can be distin-
guished: First, the particle can impact on the surface before reaching the active area:

ps (x, y, rg, vz) = 0 (3.68)

Equation 3.66 can be used to derive the corresponding criterion for x:

x < −rg cos

(
aωg

2πvz

)
(3.69)

In addition, we have to demand

vz <
aωg

2π
(3.70)

in order to account for the ambiguity of the cosine function. Second, we consider all
those trajectories where some of the particles are lost before reaching the active area
while all the others are collected. For those trajectories, the contribution is given by

ps (x, y, rg, vz) =
1

π
arccos

(
− x

rg

)
︸ ︷︷ ︸

total contribution

− aωg

2πvz︸ ︷︷ ︸
flux contribution lost before active area

. (3.71)

The condition for this case depends on the velocity: If the velocity along the z-axis is
low enough that the particle cannot reach the far border of the active area, e.g.

vz <
[a + l] ωg

2π
, (3.72)

it is fullfilled for all particles within the gyro center collecting area except for those
covered by the first case, yielding

−rgcos

(
aωg

2πvz

)
< x < rg . (3.73)



3.4 Corrections due to finite probe size 39

For faster particles,

vz ≥
[a + l] ωg

2π
, (3.74)

this condition becomes

−rgcos

(
aωg

2πvz

)
≤ x ≤ −rgcos

(
[a + l] ωg

2πvz

)
. (3.75)

Finally, there is a number of starting points where some of the particles exceed the far
border of the active area, namely those with

vz ≥
[a + l] ωg

2π
and (3.76)

x ≥ −rgcos

(
[a + l] ωg

2πvz

)
. (3.77)

In this case, the contribution to the observed flux only depends on the length of the
active area along the z-axis, l, and the ratio between the particle velocity and its
gyration frequency:

ps (x, y, rg, vz) =
lωg

2πvz

(3.78)

Merging the above cases, we find the following expression for the probability:

ps (x, y, rg, vz) =



0 x < −rgcos

(
aωg

2πvz

)
∨ vz <

aωg

2π
1

π
arccos

(
− x

rg

)
− aωg

2πvz

−rgcos

(
aωg

2πvz

)
<x < rg

∧ aωg

2π
<vz <

[a + l] ωg

2π
1

π
arccos

(
− x

rg

)
− aωg

2πvz

−rgcos

(
aωg

2πvz

)
≤x ≤ −rgcos

(
[a + l] ωg

2πvz

)
∧ vz ≥

[a + l] ωg

2π
lωg

2πvz

−rgcos

(
[a + l] ωg

2πvz

)
<x < rg

∧ vz ≥
[a + l] ωg

2π
(3.79)

Integrating equation (3.79) over x and y yields an effective area for given values of rg

and vz. Relating the effective area to the geometry of the active area and combining it
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(a) Effective distribution function f s
eff

(without additional contribution).
(b) Effective distribution function fa

eff

(with additional contribution).

Figure 3.10: Effective distribution functions f s
eff and fa

eff for two different
gyro radii. In the limit rg → ∞, both functions converge to
a Maxwellian distribution (solid lines). The geometry for the
calculations was choosen according to those in the experiments:
w = l = a = b = 15.2 mm.

with the velocity distribution function from equation 3.60 we find an effective velocity
distribution which can be used to determine the particle and energy flux density.

f s
eff (rg, vz) = f (rg, vz)
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Similarly, the case depicted in Fig. 3.9(c) can be treated. Here, we find an additional
contribution:

p∗a (x, y, rg, vz) =
1

π
arccos

(
− x

rg

)
+

[
1− 1

π
arccos

(
− x

rg

)]
1

π
arccos

(
−b + 0.5w − y

rg

)
(3.81)

Including the previous cutoff criteria and applying the integration boundaries again
yields the effective velocity distribution f a

eff (rg, vz), which unfortunately cannot be ex-
pressed analytically. Figure 3.10 illustrates f s

eff and f a
eff for particles with a Maxwellian

velocity distribution.
Starting out from the distribution functions, the particle and kinetic energy flux

densities to the active area can be calculated. A factor of 2 is introduced to account
for the symmetry of the probe along the z axis: Particles collected may originate from
both directions along the z-axis. Additionally, effects of particle and energy reflection
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(a) Ratio of perpendicular to parallel flux
density as a function of rg.

(b) Average kinetic energy per particle de-
posited on the active area.

Figure 3.11: Numeric evaluation of particle and heat flux according to
eqs. (3.82) and (3.83). In the limit rg → ∞ the functions
approach the values given by an isotropic Maxwellian distri-
bution, i.e. Γ⊥ = Γ|| = 1 and q⊥/Γ⊥ = 2kT . The geometry for
the calculations was choosen according to the experiments:
w = l = a = b = 15.2 mm.

are taken into account by application of the particle and energy reflection coefficients,
Rp and RE respectively.

Γ⊥ = 2 [1−Rp]

∞∫∫
0

vzfeff (rg, vz) drgdvz (3.82)

q⊥ = 2 [1−RE]
m

2

∞∫∫
0

[
ω2

gr
2
g + v2

z

]
vzfeff (rg, vz) drgdvz . (3.83)

Examining equations (3.79) and (3.81) carefully for the case of a Maxwellian velocity
distribution reveals, that Γ⊥/Γ|| and q⊥/q|| are functions of the thermal gyro radius
rg,th only. Figure 3.11 shows the expected particle flux density and average kinetic
energy of the impinging particles. The particle flux density for the case shown in
Fig. 3.9(c) is always higher than for the case depicted in Fig. 3.9(a). The asymmetry
is most pronounced at intermediate gyro radii, i.e. rg ≈ w + b. For large gyro radii,
i.e. B → 0, the particle and energy flux density converge to values calculated using
the simple sheath model without magnetic field (See section 3.2). For smaller gyro
radii, the probe acts as an energy filter. Particles with low energy are absorbed before
reaching the active area, only high energy particles are detected.

The model presented here is capable of reproducing some key features encountered
experimentally: Even for particle species with a thermal gyro radius smaller than the
probesize, a substantial flux to the active probe area is observed at grazing incidence.
The ratio of perpendicular to parallel flux depends on the thermal gyro radius only
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and asymptotically aproaches unity for rg,th → ∞. Taking into account the sense
of gyration and the asymmetry of the probe, an additional contribution to the flux
at grazing incidence depending on the surface orientation is found. Looking at the
energy distribution of the particles arriving at the probe surface, a filtering effect can
be observed: While the particle flux is drastically reduced, the average energy of the
particles and the maximum of the distribution function are shifted towards higher
energies. This effect can also be verified looking at the ratio energy flux- to particle
flux density which drastically increases for small rg,th.



Chapter 4

Laser induced fluorescence applied
to He atoms

Among all the possible working gases at the PSI-2 facility, helium shows some in-
teresting peculiarities. Apart from the extraordinary energy conversion efficiency in
the discharge region providing higher electron temperature and plasma density, an
improved heat load onto the vessel walls is observed. The reason for this improved
heat transport from the confined plasma to the vessel walls is found in its electronic
structure.

The helium atom contains two electrons yielding values of the total spin of S = 0 and
S = 1. The coupling of the electron spin and the angular momentum L is well described
by the Roussel-Saunders approximation[Otter and Honecker, 1993]. J denotes the sum
of spin and angular momentum. Two distinct spectroscopic systems can be identified:
A singulett system with S = 0 and a triplet system with S = 1 (Fig. 4.1). Radiative
dipole transitions between states of the singulett and the tripplett system are prohibited
according to the selection rules and are not observed experimentally.

Two of the helium states are metastable states, i.e. no radiative de-excitation
channels to lower levels are available: the 1s2s 1S state in the singulett and the 1s2s 3S1

state in the triplet system. They are replenished within the plasma volume by collisions
with electrons and, owing to their long life time, can reach the outer vessel walls where
they are de-excited into the singulet ground state. In this process, the excitation energy
is deposited on the wall[Fuchs, 1996].

Apart from the generation of metastable helium by electron collisions it seems
reasonable to expect recombination of helium ions at plasma exposed surfaces as an
additional source. This would also account for observations of a reduced contribution
of recombination energy to the sheath energy transmission coefficient[Koch, 2000].

In the course of previous experiments aiming to determine the spatial distribution of
He neutrals in the metastable 1s2s 3S1 state[Reusch, 2002], it has also been attempted
to perform measurements in the vicinity of a large target exposed to the plasma. The
results suggested a strong source for metastable helium at the target surface. Due to
the low spatial resolution of the method, however, the results were not fully conclusive.
The measurements have been conducted at three points spaced at distances 5, 10 and
15 mm in front of the target. While an increased density of metastable helium is
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(a) overview (b) details of the LIF
levels including Zeeman
splitting

Figure 4.1: Energy terms of the helium atom. According to the total elec-
tron spin the terms can be grouped into a singulet (S = 0) and
a triplet (S = 3) system. Radiative dipole transitions between
both systems (inter-combination) are prohibited due to the se-
lection rules. The arrows indicate the transition used for the
LIF measurements.

observed nearest to the target, the other measurements reveal no increase compared to
experiments performed without the target head in place. In order to clarify this issue,
similar experiments were performed in this work with an improved spatial resolution.

4.1 Determination of the 1s2s 3S population density

by laser induced fluorescence

The method described here is based on the 1s2s 3S1 to 1s3p 3P0,1,2 transitions in the
helium triplet system as shown in Fig. 4.1. Electrons from the lower state (1s2s 3S1) are
transferred into the exited state (1s3p 3P0,1,2) by means of laser irradiation using a short
(5 ns) laser pulse. Subsequently, a relaxation process sets in. For the 1s3p 3P0,1,2 state,
three relaxation channels need to be considered: Firstly, spontaneous emission into the
1s2s 3S1 state. The resulting light is detected and evaluated for the present experiments.
Secondly, spontaneous emission and electron induced transition into the 1s3s 3S1 state
and, finally, electron induced transitions into the 1s3d 3D state and successive decay
into the 3P–level can occur.

In [Kornejew, 1995] it is shown that the emitted light from the 1s3p 3P0,1,2→ 1s2s 3S1

at 388.86 nm is proportional to the population density of the lower state. This propor-
tionality holds if the spectral intensity of the laser pulse is sufficiently high and if its
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Figure 4.2: He fluorescence light originating from the 1s3p 3P0,1,2→1s2s3S1

transitions including Doppler broadening. The vertical marks
indicate the individual lines and their polarization.

duration is short compared to the lifetime of the excited state.

It should be noted that the above is a strongly simplified model. Due to fine
splitting and the Zeemann effect, a total of 12 energetically distinct levels are involved
(see Fig.4.1(b) and table 4.0(a)). Detailed considerations concerning the applicability
of this method can be found in [Kornejew, 1995]. Table 4.1 lists the expected lines and
their polarization. Since the LIF signal is detected perpendicular to the laser beam
and the magnetic field, all lines are observed. As can be seen in Fig. 4.2, however, the
individual lines are not resolved for the present experimental conditions because of the
Doppler broadening.

4.2 Experimental setup

The laser radiation at λ = 388.86 nm required for the present experiments is generated
by a YAG powered OPO/OPA system with subsequent second harmonic generation.
A detailed description of this system can be found in [Reusch, 2002]. The radiation is
lead through an optical fiber to the experiment; There the laser beam profile is restored
by means of an UV objective and an aperture.

An intensified CCD camera is applied to detect the fluorescence light. The influence
of plasma radiation is greatly reduced by the application of an optical filter in front
of the camera objective. To reduce it even further, the image intensifier is gated for
a short period (≈ 100 ns) immediately after the termination of the laser pulse only.
A residual contribution of the laser light is removed during the evaluation process by
subtracting a picture taken under the same conditions but without plasma. Similarly,
the remaining plasma radiation was accounted for by subtracting a picture acquired
without laser radiation.

In order to reconstruct the shape of the LIF resonance, measurements are performed
at discrete wavelength intervals around the center of the line corresponding to the
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(a) energy levels

state E0[eV ] mJ gj ∆E [meV]

-1 -0.102
1s2s 3S1 19.81963 0 2.0 0.0

1 +0.102

1s3p 3P0 23.00713 0 – 0.0

-1 1.5 -0.076
1s3p 3P1 23.00709 0 1.5 0.0

1 1.5 +0.076

-2 1.5 -0.153
-1 1.5 -0.076

1s3p 3P2 23.00709 0 1.5 0.0
1 1.5 +0.076
2 1.5 +0.153

(b) dipole transitions into the 1s2s 3S1 state

upper state lower state polarization λ

1s3p 3P0 mJ = 0 → 1s2s 3S1 mJ = -1 σ− 388.85923
1s3p 3P0 mJ = 0 → 1s2s 3S1 mJ = 0 π 388.86047
1s3p 3P0 mJ = 0 → 1s2s 3S1 mJ = 1 σ+ 388.86171
1s3p 3P1 mJ = 0 → 1s2s 3S1 mJ = -1 σ− 388.86331
1s3p 3P1 mJ = 1 → 1s2s 3S1 mJ = 0 σ− 388.86362
1s3p 3P2 mJ = 0 → 1s2s 3S1 mJ = -1 σ− 388.86364
1s3p 3P2 mJ = 1 → 1s2s 3S1 mJ = 0 σ− 388.86395
1s3p 3P1 mJ = -1 → 1s2s 3S1 mJ = -1 π 388.86425
1s3p 3P2 mJ = 2 → 1s2s 3S1 mJ = 1 σ− 388.86426
1s3p 3P1 mJ = 0 → 1s2s 3S1 mJ = 0 π 388.86456
1s3p 3P2 mJ = -1 → 1s2s 3S1 mJ = -1 π 388.86458
1s3p 3P1 mJ = 1 → 1s2s 3S1 mJ = 1 π 388.86487
1s3p 3P2 mJ = 0 → 1s2s 3S1 mJ = 0 π 388.86489
1s3p 3P2 mJ = 1 → 1s2s 3S1 mJ = 1 π 388.86520
1s3p 3P1 mJ = -1 → 1s2s 3S1 mJ = 0 σ+ 388.86549
1s3p 3P2 mJ = -2 → 1s2s 3S1 mJ = -1 σ+ 388.86551
1s3p 3P1 mJ = 0 → 1s2s 3S1 mJ = 1 σ+ 388.86580
1s3p 3P2 mJ = -1 → 1s2s 3S1 mJ = 0 σ+ 388.86582
1s3p 3P2 mJ = 0 → 1s2s 3S1 mJ = 1 σ+ 388.86613

Table 4.1: He triplet states and transition lines used for LIF measurements.
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(a) Sketch of the dump region (see also Fig. 2.1). (b) Observation of the
fluorescence light.

Figure 4.3: Setup for the LIF experiments at the neutralizer plate.

1s3p 3P0,1,2 ↔ 1s2s 3S1 transition.

While the previous experiments have been performed strictly quantitatively and
also included the determination of the neutral helium density by means of passive
spectroscopy, the current experiments aimed only to determine the relative change in
the metastable helium density in front of the neutralizer plate and in the vicinity of a
target. A detailed sketch of the setup for the measurements in front of the neutralizer
plate is shown in Fig. 4.3. The laser beam enters the vacuum vessel through a window
and passes through a small bore (o/ = 8 mm) in the neutralizer plate along the discharge
axis. Perpendicular to the laser beam the fluorescence light is collected by the CCD
camera. The field of observation extends about 50 mm in front of the neutralizer plate.
For the experiments in the vicinity of a target, the laser beam is introduced through the
hollow cathode–anode arrangement as shown in Fig. 4.4. The beam diameter is larger
compared to the one in the neutralizer plate experiments in order to facilitate two
dimensional measurements of the metastable helium density. The target, the probe
head which is also used for simultaneous measurements of current and energy flux
densities, is placed at the center of the target chamber (see section 5.1.2).

4.3 Experimental results

In this chapter the results of LIF measurements on the metastable 1s2s 3S1 state in
helium are presented. Fig. 4.5 depicts the shape of the LIF resonance signal mea-
sured at several positions in front of the neutralizer plate as well as in front of the
rotatable probe. For the determination of the density, the intensity of the LIF signal
was integrated over the complete resonance line in order to yield a result independent
of the temperature and the line shape. The measurements at the neutralizer plate
(see Fig. 4.6) display a considerable decrease of the helium 1s2s 3S1 density towards
the plate. Fitting an exponential decay to the experimental data a decay length of
λ = 13 mm is obtained. The observations are not compatible with the assumption of a
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(a) The Laser radiation is fed in via the cathode to the remote region where the target is
located (see also Fig. 2.1).

(b) Schematic diagram (α = 0◦). (c) Schematic diagram (α = −90◦).

Figure 4.4: Setup for the LIF experiments in the vicinity of a rotatable
target.
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(a) LIF signal at the neutralizer plate,
Gaussian fit with T0 = 4600 K (0.4 eV).

(b) LIF signal in front of the target,
Gaussian fit with T0 = 1300 K (0.1 eV).

Figure 4.5: LIF signals of the metastable helium with the distance to the
surfaces as a parameter (symbols).

significant production of metastables due to recombination at the dump plate surface.
On the contrary, no helium metastables seem to be produced. The rather short decay
length is in qualitative agreement with the decay length required in order to explain the
radial profiles of the helium metastable density found in [Reusch, 2002]. Nevertheless,
this result is quite surprising considering the long lifetime of the 1s2s 3S1 state (several
minutes) and the mean free path length for ionization (> 1 m), ion–neutral (> 0.1 m)
and neutral–neutral (> 0.1 m) collisions. From this it follows that the 1s2s 3S1 is obvi-
ously depopulated by electron collisions. For example, using the electron density and
temperature encountered during the measurements, the mean free path length with
respect to an electron impact induced transition from the 1s2s 3S to the 1s2s 1S state
can be estimated as short as λ ≈ 2 mm.

The results for a target surface with α = 0◦ orientation right at the center of the
target chamber are depicted in Fig. 4.7. In front of the target, an even more pronounced
drop of the LIF signal with a very short decay length (λ = 3.4 mm) is observed. This
is most likely due to the considerably higher electron density and temperature in this
plasma region. Again, there is no indication for production of metastable helium.

Fig. 4.8 shows experimental results for a target surface aligned at α = −90◦, again
located at the center of the target chamber with similar plasma conditions. The results
are comparable to those for the α = 0◦ case. The decay length turns out to be slightly
longer with λ = 5 mm.

4.4 Conclusions

The usage of a CCD camera as a detector with high spatial resolution and the pos-
sibility for two-dimensional measurements has been shown to be applicable for the
determination of the metastable helium density. Making some additional effort by cal-
ibrating the optical setup, the method could be extended to yield quantitative results
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(a) Two dimensional false color plot. The line segments at the left side indicate the
8 mm bore used for threading the laser beam through the plate.

(b) Total LIF signal integrated in y-direction across the laser profile.
The solid line indicates an exponential decay with an decay length of
λ = 13 mm.

Figure 4.6: LIF signal measured in front of the neutralizer plate.
The LIF signal is proportional to the density of metastable He
in the 3S1 state.
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(a) Two dimensional false color plot.

(b) Total LIF signal integrated in y-direction across the laser profile. An
exponential decay with a decay length of λ = 3.4 mm is indicated by the
solid line.

Figure 4.7: LIF signal measured in front of a target for α = 0◦. The target
surface is located at the left edge of the plot, the laser beam
and the plasma enter from the right hand side (discharge).
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(a) Two dimensional false color plot. The dark area is occupied by the target and
the resulting shadow.

(b) Cut along the y-axis in front of the target. The data was normalized
to the profile encountered in the undisturbed plasma region as indicated
by the vertical bars in Fig. 4.8(a). An exponential decay with a decay
length of λ = 5 mm is indicated by the solid line.

Figure 4.8: LIF signal similar to Fig. 4.7, but for α = −90◦.
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for the density of metastable helium neutrals and their temperature. The density of the
metastable helium exhibits a pronounced decay towards the plasma exposed obstacle.
Based on the experimental results of the present work, it can thus be stated that there
is no additional production of metastable helium at the surface. On the contrary, the
production of metastable helium seems to be solely located in the plasma volume. Fi-
nally, the unexpected short lifetime of the 1s2s 3S1 state and the resulting small decay
length within the plasma, previously postulated to explain measured radial profiles of
the helium metastable density, is substantiated.
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Chapter 5

Rotatable probe measurements

This section deals with the experiments performed with rotatable probes. The angular
resolved measurements are conducted with two different probe heads. The first one al-
lows for current voltage characteristics only, the second head is capable of simultaneous
measurements of current, voltage and energy flux density. The location of the mea-
surements and the mechanism used to rotate the probe heads will be described. These
are common for both probeheads. Subsequently, the construction of the probe heads
and the evaluation procedure are described. Finally, the experimental results are pre-
sented: The impact of the magnetic field on the probe characteristics is illustrated by
measurements performed with different ion species at various magnetic field strengths.
Angular resolved measurements of the electron temperature Te, the ion and electron
saturation current density jsat

i and jsat
e , the floating potential Uf and the plasma po-

tential Upl are displayed. Thereafter energy flux density measurements are described.
The experimental voltage dependency of the energy flux density q(U) is compared with
the theoretical expression derived in section 3.2. The angular dependence of some pa-
rameters derived from the energy flux data like the energy flux density q, ion energy
reflection coefficient Ri,E, and the ion energy transmission coefficient γ is shown.

5.1 Experimental setup

The measurements are conducted at the center of the target chamber (see Fig. 2.1
and 5.1), between the coils number four and five, which is the location where the
homogeneity of the magnetic field is optimal. The probe heads are introduced through
a side flange at the position T2,s(along the y-axis). The active area is aligned to be in
the center of the hollow plasma profile. This position is chosen in order to minimize
the impact of spatial variations in the plasma parameters on the measured angular
dependencies.

The probe holder is mounted using a differentially pumped rotational feed-through.
Thereby it is possible to rotate the probe head freely beyond a full revolution in each
angular direction. A stepping motor attached to the rotational feed-through provides a
high positioning accuracy up to 0.0075◦. In order to make this resolution available to the
subsequent evaluation procedures, the stepping signal of the motor is recorded together
with the other measurement signals. During the data evaluation the position can the
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0.5 m

rotatable probe

Langmuir
M4 M5 M6M3

T2,s
plasma flow

z −axis

x
−a

xi
s

T1 T3

(a) Measurement positions in the target chamber (side view).

ααααez

surface normalx −axis

z −axis
(b) Definition of the angle α between
the z–axis and the probe surface used
throughout this thesis.

(c) Sense of gyration of the particles for
the standard magnetic field configura-
tion as observed from the cathode.

Figure 5.1: Experimental setup and frame of reference for the rotatable
probe measurements. Following the standart orientation of
the magnetic field in the PSI-2, the angle α is defined by
cosα = −~ez · ~n .
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plasma

axis of rotation

(a) Cut parallel to the axis of rotation.

Mo insert, 8x8 mm2

main BN body

BN cover

rotation

plasma

(b) Cut perpendicular to the axis of rota-
tion.

Figure 5.2: Sketch of a plain rotatable Langmuir probe used for angular
resolved measurements of current and voltage.

be determined simply by counting the steps conducted from the starting position of the
measurement. The stepping motor control is also attached to the main data acquisition
system by a serial RS-232 connection allowing an automated course of experiments.

5.1.1 Design of the plain flat probe

As a first approach, a simple rotatable flat probe was designed. The outline of this
probe is shown in Fig. 5.2. The probe is made from a BN cylinder of 24 mm diameter.
At the end of this cylinder, half of the ceramics is milled off. A molybdenum square with
a side length of 8 mm is embedded into the resulting surface, serving as the active area
of the probe. Special care is taken to ensure that the axis of rotation is located within
the surface plane to prevent spatial displacement of the probe during rotation. The
probe is operated either under floating condition or with voltage ramps applied to the
active area. The latter are generated using the Langmuir setup described previously in
chapter 2.7. The floating potential and the current voltage characteristics are recorded
as functions of the angle.

5.1.2 Plain flat probe with energy flux detector.

Principle of operation

Generally, measurements of the energy flux density q are conducted by observing the
temperature difference ∆T along a known thermal resistance. In the course of a pre-
vious study concerning the energy flux at α = 0, the radial temperature drop along
a disk made from constantan was used as a robust energy flux detector for high en-
ergy loads[Koch et al., 2001, Koch, 2000]. The new setup presented here is optimized
for measurements at grazing incidence and to yield a high output signal level even at
low energy flux densities. This is achieved by measuring the thermoelectric voltage
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generated by the energy flow onto a Peltier module. It is determined by the tempera-
ture drop ∆T along the module and by the thermoelectric coefficient k specific to the
materials used for the individual Peltier stages and their number.

UPelt = k∆T (5.1)

The connection between the observed temperature difference and the energy flux is
established by the heat conduction equation:[

∂

∂t
+∇2

]
T (~r, t) = q (~r, t) . (5.2)

The energy flux q is deposited on the probe surface and passes through the peltier
module into a heat sink (See Fig. 5.6(a)). It is thus essentially one dimensional and
the corresponding equation reads:[

ρc
∂

∂t
+ λ

∂2

∂2x

]
T (x, t) = δ(x− x0)q (t) . (5.3)

The mass density ρ, the specific heat c and the heat conductance λ are material pa-
rameters. The solution of equation (5.3) can be found by making an ansatz to separate
the variables

T (x, t) = Tx (x) · Tt (t) . (5.4)

Inserting eq. (5.4) into the differential equation (5.3) we arrive at two independent
equations for the temporal and spatial variations of T :[

ρc
∂

∂t
+ λ

]
Tt (t) =

q (t)

q0

(5.5)

λ
∂2

∂2x
Tx (x) = δ(x− x0)q0 (5.6)

Applying a Laplace transform[Zeidler et al., 1996] to equation (5.5) we get

L{Tt} =
1

q0ρc

1[
s + λ

ρc

]L{q (t)} . (5.7)

The Laplace transformed temperature is the product of three factors. The first one
is simply a constant with respect to time, the second one can be identified as the
Laplace transformed exponential function and the third one is the Laplace transformed
temporal dependence of the energy influx. A product in the Laplace transformed
space is equivalent to a folding operation defined by f(t) ∗ g(t) :=

∫
f(τ)g(t − τ)dτ

in normal space. Thus the temporal evolution of the temperature is determined by
folding the temporal evolution of the energy influx with an exponential function with
a characteristic time constant τ :

Tt (t) =
1

q0ρc
q (t) ∗ exp

(
− t

τ

)
, τ =

ρc

λ
(5.8)
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The spacial temperature profile can be obtained from equation (5.6) together with the
boundary conditions

∂

∂x
Tx (0) = αTx (0) heat transmission from Peltier to cooling head (5.9)

∂

∂x
Tx (x0) =

q0

λ
energy influx at the surface (x = x0). (5.10)

This results in a linear temperature drop along the x-coordinate,

Tx (x) =
q0

λ
x +

q0

λα
+ TB . (5.11)

Combining equations (5.8) and (5.11) the solution of (5.3) is obtained:

T (x, t) =
1

ρcλ

[
x +

1

α
+

λTB

q0

]
q (t) ∗ exp

(
− t

τ

)
(5.12)

The important quantities with respect to our measurements are the temperature dif-
ference between the surface of the Peltier module and its base and the resulting ther-
moelectric voltage UPelt.

∆T =
x0

ρcλ
q (t)∗ exp

(
− t

τ

)
=⇒ UPelt = c̃cal q (t)∗ exp

(
− t

τ

)
, c̃cal =

kx0

ρcλ
.

(5.13)

Equation (5.13) provides us with two important conclusions: First, for stationary con-
ditions, our signal UPelt will be proportional to the power deposited onto the detector
surface:

q = ccalUPelt (5.14)

Second, if the signal UPelt is measured as a function of time, the energy flux density
can be recovered by numerical deconvolution.

Disturbing effects

The above model assumes conductive heat transport within the Peltier module only.
For practical applications, however, we also need to consider convective and radiative
losses at the detector surface:

The convective transport can be estimated from the particle flux density to the
detector surface. The thermal flux of particles is determined by the neutral gas density
ngas, its temperature, Tgas, and the mass of the neutral particles. Knowing the gas
temperature, the density can also be expressed in terms of the neutral gas pressure:

Γ =
1

4
ngasv̄ =

1

4
ngas

√
8kTgas

πmgas

=
1

4

pgas

kTgas

√
8kTgas

πmgas

. (5.15)

Each particle carries away an energy of δk(T − Tgas) from the surface. The maximum
value of δ depends on the neutral gas species. In general, δ ≤ f/2 can be assumed,
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(a) Maximum relative error of measure-
ment due to convective cooling as a func-
tion of pressure. The gases are taken to
be at room temperature, and δ = 5/2 is
assumed.

(b) Effects of radiation losses on the en-
ergy flux density measurements. The rel-
ative measurement error increases rapidly
for small energy flux densities.

Figure 5.3: Influence of convective (a) and radiative cooling (b) on the op-
eration of the energy flux detector according to eq. (5.16) and
(5.17), respectively.

where f is the degree of freedom, e.g. δ ≤ 5/2 for diatomic gases. This results in a
total energy removal by convective cooling of

qcc =
1

4

pgas

Tgas

δ(T − Tgas)

√
8kTgas

πmgas

. (5.16)

As can be seen from Fig. 5.3(a), convective effects are of no concern during normal
operation due to the low gas pressure.

The radiative power loss can be estimated from the Stefan-Boltzmann-law and the
emissivity ε of the surface material:

qrc = ε 5.67 · 10−8 T 4 W

m2K4 (5.17)

Fig. 5.3(b) indicates the influence of radiative losses with regard to the detector op-
eration. As the total emissivity of a tungsten surface is rather low in the operational
temperature range of the detector (ε(300 K) = 0.32 %[Lide, 1996]), this effect may be
neglected, except for extremely low energy flux densities from the plasma. Similarly,
there will also be a contribution of background radiation from the vessel walls in the
same order of magnitude. Both effects are accounted for by considering an additional
absolute error of the measured energy flux density according to equation (5.17).

Technical realization

In order to simultaneously measure energy flux density, current density and voltage,
a special probe head is designed. As shown in Fig. 5.4, the active area of the probe
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plasma

adjustable top cover

fixed side cover

axis of rotation

(a) Cut parallel to the axis of rotation.

plasma

rotation

W foil, 15.2x15.2 mm2

peltier module
Cu cooling head

BN cover

(b) Cut perpendicular to the axis of rota-
tion.

Figure 5.4: Combined flat Langmuir and energy flux density probe.

(a) Parallel to the axis of rotation. (b) Perpendicular to the axis of rotation.

Figure 5.5: Height profiles of the active probe area and the surrounding BN
cover for the energy detector head. The scans are taken parallel
(left) and perpendicular (right) to the axis of rotation.
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TBcooling head at 

energy flux

(a) Energy flux through the detector.

UPelt

energy fluxA

B

el. connection
ceramic

(b) Sketch of the Peltier module. A and
B denote two different semiconductor ma-
terials with different thermoelectric power
forming a Peltier stage. The stages are
electrically connected in series to increase
the output voltage UPelt.

Figure 5.6: Combined flat Langmuir and energy flux density probe.

consists of a tungsten foil bonded to the surface of a Peltier module. The foil is
electrically connected by a thin wire of negligible thermal conductivity. The energy
flow through the Peltier module results in a temperature difference ∆T between the
upper surface and the water cooled base plate (See Fig. 5.6(a)). As the Peltier module
consists of 64 individual thermoelectric stages in a series, ∆T gives rise to a considerable
output voltage UPelt which is easily measured (See Fig. 5.6(b)). Unfortunately, due to
the rather high thermal capacity of the assembly, the temporal response is in the
order of several seconds. The probe is embedded in a BN cover providing electrical
insulation and protection from the plasma. The cover is adjusted to be on equal level
with the probe surface to avoid shadowing effects. Measurements with a profilometer
along the y- and z-axis (Fig. 5.5) reveal that the active area is actually about 45µm
above[Schneider, 2003]. Additionally, there is a step of approximately 100 µm along the
y-axis between the side cover and the adjustable plane surrounding the Peltier element.
For the plasma conditions encountered during the experiments, these mismatchings are
comparable to the sheath extension (5 · λD ≈ 50− 250 µm) or the electron gyro radius
(re ≈ 40− 300 µm).

Calibration procedure and verification of linearity

Taking into account the relatively complicated heterogeneous structure of the Peltier
module compared to the basic one-dimensional treatment in section 5.1, it is impor-
tant to verify the validity of the theoretical description and to determine the sensitivity
c̃cal and the characteristic time τ of the detector experimentally. The measurements
are conducted at a low gas pressure to eliminate the influence of conductive cooling
(see Fig. 5.3). For the determination of ccal, a well established calibration method for
power-meters is applied. A well defined energy flux is applied to the detector by a
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UheaterSMD resistors

brass plate

thin copper wires

(a) Calibration of the Peltier module. A
thin brass plate with attached resistors is
used as a heater.

(b) Ohmic calibration of the energy
flux detector for steady state condi-
tions. The line indicates the mean
value of linear fits to the measured
values according to eq. (5.14) with
ccal = (32.31± 0.15) Wm−2V−1.

Figure 5.7: Calibration of the energy flux detector.

(a) Before plasma exposure (b) After plasma exposure

Figure 5.8: Exponential decay of the detector signal on a logarithmic scale
after irradiation with different energy flux densities. The
straight lines indicate an exponential decay with a time constant
of τ = (7.6± 0.1) s (before) and τ = (7.9± 0.1) s (after plasma ex-
posure) respectively.
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heater mounted to the detector surface. The heater consists of a thin brass plate cov-
ering the detector surface and a set of resistors soldered to the plate (see Fig. 5.7(a)).
Neglecting conductive and radiative cooling (justified because of a low neutral gas pres-
sure and the usage of thin electric supply lines with a negligible thermal conductivity)
the deposited energy flux can be calculated from the voltage applied to and the current
flowing through the heater. The energy flux is held constant for a duration of several
τ allowing the corresponding detector signal to reach steady state. Fig. 5.7(b) depicts
the resulting calibration. The detector exhibits a good linearity over the entire range of
operation. The calibration constant is determined to ccal = (32.31± 0.15) Wm−2V−1.
This is equivalent to a sensitivity scal = (31.0± 0.1) mV/(W/m2) of the detector. No
significant difference was found between calibration measurements performed before
and after the plasma experiments(Fig. 5.7(b)). In order to assess the characteristic
time τ , the detector is heated by means of infrared laser pulses and τ is then deter-
mined from the exponential decay. In Fig. 5.8, the results are plotted for different
starting energy fluxes. Comparing the characteristic time before and after the plasma
experiments, a small difference is observed. This may be a hint at marginal changes
in the detector assembly due to thermal stress or interaction with the plasma. The
difference, however, is small and has no significant impact on the evaluation of the
data. The temporal evolution of the signal is still well described by an exponential
function with τ = (7.8± 0.3) s. The laser is also used to check the influence of energy
deposition into the ceramic cover on the detector signal. It is verified that even intense
energy deposition in the surrounding cover does not affect the measurements.

Numerical deconvolution

According to eq. 5.13 the output signal of the energy flux detector is a convolution
of the desired energy flux density and a response function. In order to recover the
true energy flux density the measured detector signal has to be deconvoluted. One
widely used method to accomplish this numerically takes advantage of the fast Fourier
transform algorithm (FFT[Press et al., 1992]). After the data has been Fourier trans-
formed the temporal deconvolution is reduced to a simple division in the frequency
domain[Zeidler et al., 1996]. Using the symbol F {f(t)} (ω) to denote the Fourier
transform of f(t) the result reads:

F {ccalUPelt (t)} = F
{

q (t) ∗ exp

(
− t

τ

)}
= F {q (t)} ·

√
2

π

τ

1 + ω2τ 2
(5.18)

q (t) = F−1

{
F {ccalUPelt (t)}

√
π

2

1 + ω2τ 2

τ

}
. (5.19)

For the evaluation of the data presented in this thesis, a program based on the algo-
rithm described in [Press et al., 1992] is used. As this method is very sensitive to noise
and can only be implemented with sufficient efficiency if the number of data points
is a power of 2 (N = 2n, n ∈ R), the data is first filtered and down sampled to the
required number of data points for the FFT. In this process evenly spaced abscissa
data are created. To obtain the corresponding sample value for each point in time, a
linear fit to the original data in its vicinity is performed. Subsequently, the filtered
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data is deconvoluted. In case the deconvolution failed the procedure is repeated with
stronger filtering and a smaller number of data points. The deconvolution procedure is
illustrated in Fig. 5.9. A computer generated data set resembling a typical experimen-
tal curve is convoluted with an exponential decay (Fig. 5.9(a)). Subsequently, artificial
random noise is added. The resulting data is subjected to the deconvolution proce-
dure and may be compared with the original data set (Fig. 5.9(b) and Fig. 5.9(c)). If
the time-constant for the deconvolution corresponds to the one used during the prepa-
ration of the data (τ = 7.8 s), the deconvoluted curve closely resembles the original
data. Additionally, the evaluation procedure is applied with an incorrect value for the
constant (τ = 8.8 s) in order to estimate the the potential measurement error. The
consequences are clearly visible in Fig. 5.9(d). Due to the asymmetry of q(U), values
corresponding to an increasing voltage ramp do no longer coincide with values from
a decreasing voltage ramp. However, the occurrence of such conditions can be easily
spotted in the experimental data.

Data acquisition procedure

In order to pinpoint any errors introduced by the deconvolution procedure, measure-
ments were usually conducted in a symmetric way as already shown in Fig. 5.9: The
quantity to be varied in the experiment, usually angle α or bias voltage U , is first
fixed for a duration of several τ . Then it is varied from the initial to the final value.
After a stationary phase of some τ it is varied again to the initial value where it re-
mains stationary. As a result, inaccuracies of the deconvolution process, e.g. a wrong
time constant τ , can be easily noticed. As a fact, this feature may even be used in
order to determine the time constant “on the fly” during deconvolution by demand-
ing a concurrence of the q(U) or q(α), as applicable. For the measurements presented
here, however, the time constant was fixed at τ = (7.8± 0.3) s as determined from the
calibration measurements.

5.2 Results of the rotatable probe measurements

This section deals with the experimental results acquired with rotatable probes. First,
the impact of the magnetic field on the probe characteristics is illustrated by mea-
surements performed with different ion species at various magnetic field strengths.
Subsequently angular resolved measurements of the electron temperature Te, the ion
and electron saturation current density jsat

i and jsat
e , the floating potential Uf and the

plasma potential Upl are presented. Thereafter energy flux density measurements are
described. The experimental voltage dependency of the energy flux density q(U) is
compared with the theoretical expression derived in section 3.2. The angular depen-
dence of some parameters derived from the energy flux data like the energy flux density
q, ion energy reflection coefficient Ri,E, and the ion energy transmission coefficient γ is
shown.
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(a) Computer generated (blue, red)
and smoothed (green) energy flux
data. The magenta curve shows the
corresponding bias voltage.

(b) Computer generated data (blue)
and result of the deconvolution
(green). The magenta curve shows
the corresponding bias voltage.

(c) Computer generated data (blue)
and result of the deconvolution (green)
as functions of the bias voltage. The
same characteristic time τ = 7.8 s is
used for convolution and deconvolu-
tion.

(d) Computer generated data (blue)
and result of the deconvolution (green)
as functions of the bias voltage. Differ-
ent time constants are used for convo-
lution (τ = 7.8 s) and deconvolution
(τ = 8.8 s).

Figure 5.9: Test of the evaluation procedure with computer generated data.
Generated energy flux density (blue), generated energy flux
density with noise (red) and output of the evaluation software
(green).
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5.2.1 Plasma conditions

Theoretical considerations about the plasma sheath are usually undertaken assuming
homogeneous plasma conditions. In contrast, in an experimental device like PSI-2 the
plasma paramters are functions of the spatial variables. For the experiments presented
here, variations along the z axis can mostly be disregarded due to the high mobility of
the plasma along the magnetic field. Due to the radial symmetry of the discharge used
to generate the plasma a similar symmetry, at least in first order, can be assumed for the
plasma. In figures 5.10 and 5.11 Langmuir probe measurements along the x axis of some
of the parameters relevant for the assessment of the rotatable probe measurements are
plotted. Fig. 5.10 depicts the first limiting case: measurements performed in hydrogen
at the maximum magnetic field strength, i.e. minimal gyro radii and minimal plasma
diameter. All quantities and especially the plasma potential exhibit a variation with
respect to the position of the rotatable probe. In the second limiting case, Fig. 5.11,
weak magnetic field and large gyro radii, the plasma can be taken as homogeneous.
For both cases, it should be noted that the plasma at the location in front of the
probe is almost unaffected by the probe rotation. At the location behind the probe, of
course, the changing silhouette can be observed. In order to keep in mind the spatially
averaging nature of the rotatable probe measurements, a different notation will be used
for the measured quanties: ̂, T̂e, ̂i, ̂e, Ûpl, Ûf and q̂ instead of j, Te, ji, je, Upl, Uf and
q. More detailed discussions about the individual averaging mechanism will be given
where appropriate.

5.2.2 Probe measurements in a magnetized plasma

When performing probe measurements in a magnetized plasma, the most prominent
feature is the reduced ratio of electron to ion flux density. Even if the magnetic field is
at right angle to the probe surface, a substantial reduction of the electron saturation
current density is observed. It is usually determined by the cross field transport in the
flux tube connected to the probe and by the plasma conditions at the counter electrode,
which, due to the magnetic field, is usually quite localized. A good measure for this
reduction is the ratio of electron- to ion saturation current density which is also directly
related to the floating potential. Assuming the Boltzmann relation for the electron flux
in combination with a constant ion flux we find

Uf = Upl +
kTe

e
ln

(
jsat
i

jsat
e

)
. (5.20)

At shallow incidence of the magnetic field, |α| → 90◦, the current ratio is very dras-
tically reduced: This effect can be observed in Fig. 5.12, 5.13 and 5.14. In case of
hydrogen, the theoretical value jsat

e /jsat
i =

√
mi/πme = 24 is almost attained at normal

incidence. For helium and argon (jsat
i /jsat

e = 48 and jsat
i /jsat

e = 153 resp.), the mea-
sured ratio is considerably lower. Fig. 5.12(a) also illustrates the influence of non-local
effects. The measurements were performed for low and high magnetic field strength,
each with standart ( ~B = −B · ~ez, see Fig. 5.1(b)) and reversed direction ( ~B = B · ~ez)
of the magnetic field. While this field reversal should have little impact on the probe
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(a) ion saturation current density jsat
i .

(b) electron temperature Te.

(c) plasma potential Upl.

Figure 5.10: Langmuir probe measurements performed in a hydrogen
plasma with B = 99 mT. The profiles were measured along
the x-axis in front of (left, z = −398.5 mm) and behind the ro-
tatable probe head (right, z = +348.5 mm). The dashed verical
lines indicate the location of the rotatable probe at the plasma
center (x = 0) and the width of the active area of the probe
(w = 15.2 mm). The pronounced linear trend of the plasma po-
tential is due to a distortion of the plasma by the probe body.
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(a) ion saturation current density jsat
i .

(b) electron temperature Te.

(c) plasma potential Upl.

Figure 5.11: Profiles of the plasma parameters similar to Fig. 5.10 but for
an argon plasma with B = 24 mT.
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hydrogen

(a) α = 0◦

(b) α = −90◦

(c) α = +90◦

Figure 5.12: Current-voltage characteristics obtained with the energy flux
detector for different magnetic fields but comparable plasma
conditions in hydrogen (Te ≈ 2.5 eV, npl ≈ 6 · 1016 m3). In order
to account for small differences in the plasma parameters the
current density and the applied potential are given in units
of the ion saturation current density (|jsat

i |) and the electron
temperature respectively. On the right hand side the ion sat-
uration current is shown in more detail.
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helium

(a) α = 0◦

(b) α = −90◦

(c) α = +90◦

Figure 5.13: Current-voltage characteristics similar to Fig. 5.12 for helium
(Te ≈ 5 eV, npl ≈ 7 · 1016 m3).
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argon

(a) α = 0◦

(b) α = −90◦

(c) α = +90◦

Figure 5.14: Current-voltage characteristics similar to Fig. 5.12 for argon
(Te ≈ 2.3 eV, npl ≈ 2.5 · 1017 m3).
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measurement, it does slightly change the discharge geometry. This is caused by slight
asymmetries of the cathode assembly due to erosion, material fatigue in the cathode
support and, possibly, slight misalignment. Looking at measurements with identical
magnetic field direction, for α = 0 we find similar electron saturation currents regard-
less of the magnetic field strength.

At grazing incidence, |α| = 90◦, our rotating probe fairly resembles a flush mounted
probe, a flat probe immersed in a limiter or divertor at a shallow angle with respect to
the magnetic field. Foregoing experiments have shown very low ratios jsat

e /jsat
i and pro-

nounced non-saturation of electron and ion saturation currents[Matthews et al., 1990,
Gunn et al., 1995]. Looking at Fig. 5.12, 5.13 and 5.14, the expected reduction of
the flux ratio and the non-saturation effects can be seen. As a practical approach,
characteristics are usually fitted to a double probe model taking into account different
collection areas and plasma conditions for the probe itself and its (virtual) counter
electrode.

Focusing on the hydrogen measurements with the maximum magnetic field strength,
e.g. minimal gyro radii, in Fig. 5.12, a rather striking angular asymmetry in the ion and
electron branches of the characteristics can be seen. For low magnetic field strength and
standart orientation ( ~B ↑↓ ~ez) the ion current density exhibits strong non-saturation
for α = −90◦. At α = +90◦, almost no effect of the magnetic field on the ion cur-
rent is observed. At the same time, the electron flux density is also increased. Two
explanations are possible: First, the angular asymmetry can be a consequence of a
vertical shift in the probe alignement introduced by the probe rotation. The probe
would then sample a different flux tube with slightly different plasma conditions and
differences in the counter electrode. However, this explanation can be eliminated since
our probe was specifically designed to allow measurements at α = −90◦ and α = +90◦

at exactly the same spatial location. Second, the asymmetry can be due to the local
orientation of the probe in the magnetic field. In order to verify this, the field direction
was reversed. As a consequence, the asymmetry is mirrored correspondingly. Thus,
the non-saturation must be explained by effects occuring locally within the magnetized
sheath surrounding the probe head.

5.2.3 Measurements of the electron temperature

In addition to the reduced ratio jsat
e /jsat

i previously mentioned, flush mounted probes
were also found to yield a higher electron temperature than normal Langmuir probes
[Matthews et al., 1990, Gunn et al., 1995]. Fig. 5.15 demonstrates this overestimation
of the electron temperature for helium and hydrogen (for high magnetic field strength)
by the rising values in the grazing incidence range, 80◦ ≤ |α| ≤ 90◦. In contrast,
for argon and hydrogen at a very low magnetic field, a slight underestimation of Te is
observed. In Fig. 5.16, the relative deviation of the “electron temperature” T̂e measured
at α = −90◦ to the true electron temperature is plotted over the ratio of the electron
gyro radius re to Debye length λD. If the electron gyro radius is comparable to or smaller
than the sheath extension, typically 5–10 λD, the evaluation of the current voltage
characteristics results in an enhanced value for electron temperature Te. It should be
emphasized, however, that this is not the result of a failure in the evaluation. Instead
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(a) Hydrogen, low (left, Te = 2.3 eV, npl = 5.8 · 1016 m−3, B = 13 mT,
ri = 15 mm, re = 1.1 mm, λD = 34 µm) and high (right, Te = 2.9 eV,
npl = 7.0 · 1016 m−3, B = 99 mT, ri = 2.2 mm, re = 0.16 mm, λD = 34 µm)
magnetic field.
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(b) Helium, low (left, Te = 5.4 eV, npl = 6.7 · 1016 m−3, B = 50 mT, ri = 12 mm,
re = 4.4 mm, λD = 47 µm) and high (right, Te = 5.2 eV, npl = 8.1 · 1016 m−3,
B = 88 mT, ri = 6.6 mm, re = 2.4 mm, λD = 42 µm) magnetic field.
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(c) Argon, low (left, Te = 2.5 eV, npl = 1.7 · 1017 m−3, B = 24 mT, ri = 53 mm,
re = 0.62 mm, λD = 20 µm) and high (right, Te = 2.1 eV, npl = 2.9 · 1017 m−3,
B = 88 mT, ri = 13 mm, re = 0.16 mm, λD = 14 µm) magnetic field.

Figure 5.15: Electron temperature obtained from fits to measured current-
voltage characteristics. The markers indicate the temperature
values used for Fig. 5.16.
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Figure 5.16: Relative deviation of the electron temperature measured at
α = −90◦ as a function of re/λD. If re is comparable to or smaller
than the sheath extension, typically 5−10·λD, the measurement
of Te is affected by the magnetic field.

it is the result of the energy filtering effect predicted by the basic model presented in
section 3.4: The probe is preferrentially collecting electrons with large gyro radii and,
therefore, with a higher kinetic energy. This conclusion is corroborated by comparing
the measurements of the plasma- and floating potential as well as particle and energy
flux densities discussed later in this chapter.

5.2.4 Angular dependence of the ion flux density

Assuming ions strictly following the magnetic lines of force the angular dependence of
the ion flux density should resemble a cosine function: The flux density paralell to the
magnetic field remains constant and the projected area varies ∝ cos(α) as illustrated in
section 3.3.2. Looking at the measurements depicted in Fig. 5.20, however, considerable
deviations from a cosine dependence are noted.

In particular, the ion saturation current density does not vanish for |α| → 90◦, but
a considerable fraction of ̂i(0

◦) remains. This is in agreement with the basic model
presented in section 3.4. Also, the angular asymmetry postulated by the model can
be verified except for the case of hydrogen in a high magnetic field. While for the
other measurements an additional contribution is observed at α = −90◦ compared to
α = +90◦, in the hydrogen case the angles are interchanged. In order to verify that
the observed asymmetries are in fact related to the magnetic field, experiments are
performed at a reversed magnetic field. As can be seen in Fig. 5.17, the observed
angular asymmetries change perfectly with the sign of ~B. In Fig. 5.18, the ratios of
̂ −90◦

i / ̂ 0◦
i and ̂ +90◦

i / ̂ 0◦
i are compared to values calculated according to equation

(3.82) with the appropriate effective distribution functions. Despite its simplicity, the
model successfully reflects the main features of the measurements.

At shallow angles quite a surprising behavior is observed: Approaching |α| → 90◦,
the experimental ion flux density exhibits a peak (See Fig. 5.19). The peak is most
pronounced for small ion gyro radii, e.g. hydrogen ions at high magnetic field; it van-
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(a) Hydrogen, low magnetic field.
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(b) Hydrogen, high magnetic field.

Figure 5.17: Measured ion (left) and electron (right) saturation current
densities. The red (+) curves were recorded under normal,
the blue (×) curves under opposite magnetic field orientation.
Note the mirrored x-axis for the blue plots. From the coinci-
dence of the red and blue curves we conclude that the observed
asymmetry is a magnetic field effect.
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(a) Ratio of the ion current density
̂ −90◦

i /̂ 0◦

i .
(b) Ratio of the ion current density
̂ +90◦

i /̂ 0◦

i .

(c) Ratio of the electron current density
̂ −90◦

e /̂ 0◦

e . To account for the protrusion
of the active area, the edge distances were
set to a = b = 0.

(d) Ratio of the electron current density
̂ −90◦

e /̂ 0◦

e . To account for the protrusion
of the active area, the edge distances were
set to a = b = 0.

Figure 5.18: Residual ion and electron current densities at gracing condi-
tions (|α| = 90◦) normalized to the current densities for α = 0◦.
The theoretical results according to eqs. (3.82) and (3.83) from
the basic model (sec. 3.4) are also shown (solid lines). For the
most part, the considerable scatter of the measured values can
be attributed to the statistical fluctuations in the measured
currents as well as the peaked structure at |α| = 90◦ as de-
picted in Fig. 5.19. The systematic deviations are due to the
simple nature of the model function.
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(a) ion saturation current density (b) electron saturation current density

Figure 5.19: Ion- and electron saturation current density for |α| → 90◦. For
small rg a peak is observerd.

ishes completely in case of argon with ri(Ar) � ri(H). This structure could easily be
explained by assuming different plasma conditions for the flux tubes terminating at the
probe head and those passing by. However, no such inhomogeneities of the ion flux den-
sities are observed upstream of the rotatable probe. Fig. 5.10 shows the corresponding
measurements using radial probes located upstream and downstream of the rotatable
probe head. The conditions were identical to those of the angular measurements from
Fig. 5.20(a) for small rg. In front of the probe, no significant difference is observed for
α = −90◦, α = 0◦ and α = +90◦; it is therefore inferred that the increase of the flux
at |α| → 90◦ is caused by the particle dynamics within the magnetic sheath region.

5.2.5 Angular dependence of the electron flux density

For the electrons, the simple model predicts no residual flux at all if the same geometry
as used previously for the ions is applied. Experimentally, however, a remarkable
electron flux remains at |α| = 90◦. As for the ions, this residual flux rises with increasing
electron gyro radius. Recalling the slight protrusion of the active area (see Fig. 5.5),
a different geometry has to be considered for the electrons. The active area protrudes
from the surrounding ceramics by about 50 µm which is comparable to the gyro radius
re. As a consequence, the electrons are not diminished before reaching the active area.
To account for this, the edge distances were set to a = b = 0 for the model curves
in Fig. 5.18(c) and 5.18(d). Additionally, the flux to the sides of the active area was
considered. For this geometry, the collection area increases ∝ 2wre (See eq. 3.64).
However, the experimentally observed flux ratio exceeds the model function. The slope
obtained by fiting the experimental values exceeds the slope expected from the basic
model (2/w = 0.13 mm−1) by almost an order of magnitude. It is therefore concluded
that other effects apart from geometrical ones have to be included for the electron flux
density. Similar to the ion flux density, the electron flux density exhibits a peak for
|α| → 90◦. However, there is no clear dependency on the electron gyro radius this time.
As in the case of the ions, explanations invoking spatial inhomogeneities can be ruled
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(a) Hydrogen, low (left) and high (right) magnetic field. The plasma parameters are the same
as for Fig. 5.15(a).

(b) Helium, low and high magnetic field. The plasma parameters are the same as for
Fig. 5.15(b).

(c) Argon, low and high magnetic field. The plasma parameters are the same as for
Fig. 5.15(c).

Figure 5.20: Ion and electron current densities obtained from fits to mea-
sured current-voltage characteristics.
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out.

5.2.6 Measurements of the plasma- and the floating potential

Before dealing with the plasma- and floating potential it is important to make a dis-
tinction between the actual potentials, Upl and Uf , and the voltages Ûpl and Ûf which
are measured between the probe head and a reference electrode. While the floating
voltage Ûf of the rotatable probe is most easily measured with respect to an arbitrary
reference potential, e.g. the anode potential, the interpretation of the result is quite
complicated. For a conducting three-dimensional object like our probe, it results from
the global current balance∫

A

[
ji

(
Ûf , x, y, z

)
+ je

(
Ûf , x, y, z

)]
dA = 0 . (5.21)

For homogeneous conditions, this simply reduces to

ji (Uf) + je (Uf) = 0 (5.22)

which implicitly occured in the basic considerations presented in section 3.2. In case
of grazing incidence of the magnetic field, |α| → 90◦, the situation is complicated even
further as the current voltage characterstic is affected by gyro effects. Two converse
effects have to be considered: According to the basic model presented in section 3.4,
the absolute value of the sheath voltage, Ûf − Ûpl, is expected to decrease because the
electron flux to the probe is more drastically reduced than the ion flux. In contrast,
those electrons capable of reaching the probe are of higher kinetic energy requiring an
increased sheath potential drop in order to reduce the electron flux.

Similar considerations apply for the determination of the plasma potential which
can be a function of the spatial coordinates, especially in a direction perpendicular to
the magnetic field. In the measurements presented in this work, a value for the plasma
potential for the flux tube connected to the probe is obtained by determining the knee
in the current voltage characteristic I(U), i.e. the change of sign of d2I/dU2. This
value can be expected to be different from the true plasma potential and also from its
simple geometric average

Ûpl =

∫
A

Upl (x, y, z) dA (5.23)

since it is the result of a complicated averaging process:

d2I

dU2
=

∫
A

∂2j (U, x, y, z)

∂U2
dA =

∫
A

∂2

∂U2
[ji (U, x, y, z) + je (U, x, y, z)] dA . (5.24)

Recalling the basic features of j (U) from section 2.7, we notice∣∣∣∣∣ d2j

dU2

∣∣∣∣−
Upl

∣∣∣∣∣︸ ︷︷ ︸
left of the knee

�

∣∣∣∣∣ d2j

dU2

∣∣∣∣+
Upl

∣∣∣∣∣︸ ︷︷ ︸
right of the knee

. (5.25)
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(a) Hydrogen, low (left) and high (right) magnetic field. The plasma parameters are the
same as for Fig. 5.15(a).

(b) Helium, low and high magnetic field. The plasma parameters are the same as for
Fig. 5.15(b).

(c) Argon, low and high magnetic field. The plasma parameters are the same as for
Fig. 5.15(c).

Figure 5.21: Plasma potential (red) and floating potential (blue) obtained
from measured current-voltage characteristics.
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(a) Hydrogen, low (left) and high (right) magnetic field. The plasma parameters are the
same as for Fig. 5.15(a).

(b) Helium, low and high magnetic field. The plasma parameters are the same as for
Fig. 5.15(b).

(c) Argon, low and high magnetic field. The plasma parameters are the same as for
Fig. 5.15(c).

Figure 5.22: Normalized floating potential Ũf = e(Ûf − Ûpl)/kTe (red) com-
pared with its theoretical value ln(jsat

i /jsat
e ) (blue). The ma-

genta line indicates the theoretically expected potential drop
according to equation (3.33).
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Thus, those parts of the probe where U > Upl dominate the average and effectively
shift the “plasma potential” determined this way towards a more positive value. Re-
turning to the grazing incidence case, |α| → 90◦, the interpretation of the probe data
with respect to the plasma potential should not be drastically affected. At least for
an idealized characteristic, the non-saturation of the electron current density has no
effect on the location where the sign of the second derivative changes. Because of the
reduction of jsat

e /jsat
i , the “weighting” in equation (5.23) should even be more balanced

than in the normal incidence case.
Keeping in mind the previous considerations, the measurements depicted in figure

5.21 can be assessed. Both, the floating voltage (with respect to the anode) as well
as the “plasma potential” determined from the current voltage characteristics exhibit
a strong angular dependence. Using the data presented here, two benchmarks can be
applied to verify the accuracy of the measured floating voltage and plasma potential:
Firstly, according to particle flux densities expressed by equations (3.28) and (3.31) the
normalized floating potential Ũf can be compared with the ratio of saturation currents:

Ũf :=
e
[
Ûf − Ûpl

]
kTe

= ln

(
jsat
i

jsat
e

)
. (5.26)

This comparison is presented in Fig. 5.22. The plot combines the plasma potential Ûpl,

the floating potential Ûf and the electron temperature Te evaluated from measurements
at different angles α presented in Fig. 5.15 and 5.21. The saturation current densities
are those plotted in Fig. 5.20. Disregarding the small offset due to neglecting pre-sheath
effects, the close match of the red and blue data points in Fig. 5.22 is quite convincing
and validates the consistency of the measured parameters.

Secondly, the measurements of the energy flux density presented in the following
section can be used for the verification of the plasma potential. As has been shown in
section 3.2, the total energy flux density to the probe is composed of the recombination
energy and the ion and electron kinetic energy. The kinetic energy, in turn, consists
of the thermal part and, in case of the ions, the energy gained by acceleration within
the sheath potential. As the recombination energy is independent of the angle α and
the mean thermal energy of ions and electrons should be affected only for very small
gyro radii, the angular dependence of the sheath potential drop should reappear in
the heat flux measurements. The result of this comparison is shown in Fig. 5.23. The
plots show the sheath energy transmission coefficient γ calculated from three different
sources. As a reference, γ as determined from the experimental data of energy flux
density, electron temperature, and ion flux density is plotted. This curve is compared
with data calculated using Ûpl(α) and T̂e(α) as well as taking the constant values

Upl = Ûpl(0
◦) and Te = T̂e(0

◦). Although no complete agreement is found for either

case, the curves calculated with Ûpl(α) and T̂e(α) seem preferable.
At this point it should also be stated, that the preceeding arguments do not only

validate the method used for the determination of the plasma potential, but also sup-
port the validity of the electron temperature evaluated at grazing incidence. Although
the electron temperature in the bulk plasma does not change during the rotation of the
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(a) hydrogen, same plasma parameters
as for Fig. 5.15(a) (low magnetic field)

(b) hydrogen, same plasma parameters
as for Fig. 5.15(a) (high magnetic field)

(c) helium, same plasma parameters as
for 5.15(b) (high magnetic field)

(d) argon, same plasma parameters as
for 5.15(c) (low magnetic field)

Figure 5.23: The sheath energy transmission coefficient γ calculated from
the energy- and particle flux data (red). For comparision the
same quantity is evaluated from the sheath potential taking
into account (green) or disregarding (blue) the angular depen-

dency of Ûpl and T̂e.
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probe, the probe measurements yield a different value for the electron temperature.

5.2.7 Energy flux measurements

In addition to the current measurements, simultaneous measurements of the energy flux
density to the probe were performed. By combining both fluxes the energy transport
to the probe can be studied in detail. Furthermore, also some ambiguities in the
probe characteristics can be understood. Fig. 5.24 provides exemplary current and
energy flux characteristics obtained in a hydrogen plasma with high magnetic field
(B = 99 mT). Two different scenarios were applied to obtain the characteristics. In the
first case, the detector was positioned at a fixed angle and a continuous voltage sweep
was performed. In the second case, a fixed bias voltage was applied to the rotating
probe. This procedure was repeated for several bias voltages. The first scenario yields
continuous values of with respect to the voltage and therefore is best suited for a
detailed study of the characteristics. However, the long time constant of the detector
required very slow voltage ramps. Consequently, this scenario was only applied for some
exemplary angles (discrete data points in Fig. 5.26). The second scenario provides data
with a good angular resolution but only a very limited number of points are obtained
for the current and energy flux characteristics. Still, the data allows to deduce the
energy reflection coefficient as a function of the angle. Furthermore, the excellent
agreement between the energy flux characteristics found in both scenarios validates
the deconvolution procedure: While the energy flux is, of course, a function of the
angular position and the applied voltage only, the temporal evolution is different for
both scenarios. Yet, the deconvolution procedure recovers the correct result for both
cases.

For U < Upl, the measured characteristics resemble the theoretical dependence
given by eq. (3.43). Therefore, only some of the parameters involved can be indepen-
dently extracted from the experimental data. As a consequence, a simplified version of
eq. (3.43) was used for fitting:

q (U) =
[
−
[
1− R̂i,E

]
eU + C1

]
ji (U) + C2je (U) (5.27)

The effective energy reflection coefficient comprises the effects of energy reflection as
well as secondary electron emission due to the ions. The latter, however, is negligible
for our experimental conditions. This is corroborated by the excellent saturation of
the ion current which otherwise would not saturate. Three fit parameters are used in
the fit: R̂i,E is the effective energy reflection coefficient itself. C1 combines all terms
depending on the voltage via ji, namely the thermal energy, corrections due to the
plasma potential and the recombination energy:

C1 = [1−Ri,E]
5

2
kTi +eUpl[1−Ri,E − δi]+[Eion + Ediss − Eex − [1 + δi] W ] . (5.28)

C2 includes the thermal energy of the electrons and the work function of the probe
material:

C2 = 2kTe + [1− δe] W . (5.29)
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(a) α = −90◦

(b) α = 0◦

Figure 5.24: j(U) and q(U) characteristics measured in a hydrogen plasma at
grazing and perpendicular incidence under high magnetic field
conditions (B = 99 mT). The data is retrieved from a contin-
uous voltage scan at fixed angle (solid lines) and from con-
tinuous angular scans at fixed voltages (squares). The dashed
curves indicate a theoretical fit according to equation (3.43).
The dashed and the dotted vertical bars indicate the floating
voltage Ûf and the minimum of the energy flux density Umin,
respectively.
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(a) α = −90◦

(b) α = 0◦

Figure 5.25: j(U) and q(U) characteristics similar to 5.24 but for a lower
magnetic field (B = 50 mT).
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(a) hydrogen (b) helium

(c) argon

Figure 5.26: Ion energy transmission coefficient Ri,E determined from mea-
sured j(U) and q(U) characteristics as a function of the angle
for different ion gyro radii. The solid lines were evaluated from
continuous angular scans at fixed voltages, the separate points
were obtained from continuous voltage scans at fixed angles
(see also Fig. 5.25 and 5.24).

The ion and electron current densities were modeled by a linear fit and an exponential
rise, respectively. With this model function good agreement with the experimental
data is found for U < Uf (see Figs. 5.24 and 5.25).

In Fig. 5.26, the resulting ion energy reflection coefficient Ri,E(α) is plotted. For
normal incidence of the magnetic field, α = 0, it is quite similar for the noble gases,
helium and argon, but slightly lower for hydrogen. It should be noted here, that no
constant value of Ri,E was found for an individual ion species. Instead, Ri,E varies
with the overall experimental conditions such as plasma density and temperature, gyro
radius and microscopic changes in the surface structure due to long term plasma ex-
posure. The experimental data base is not sufficient to reveal the physics behind this
dependence, but experimental failures such as changes of the detector sensitivity be-
tween measurements have been ruled out. The angular dependence of the ion energy
reflection coefficient exhibits a strong correlation with the ion gyro radius ri. This
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can be seen most clearly in the hydrogen measurements, Fig. 5.26(a). While Ri,E(0◦)
remains the unchanged, Ri,E(α = 90◦) increases by 20% as the gyro radius is varied
from ri = 15 mm to ri = 2 mm. For the noble gas species, a slight increase of Ri,E(α)
can be observed up to |α| ≈ 70◦. Beyond this Ri,E(α) appears to decrease again. The
magnitude of this effect, however, is in the same range as the general scatter of the
measured values.

Particular attention was devoted to the angular dependence of the energy flux
density q(α) at floating conditions. In combination with the ion flux density and the
electron temperature this data was used to calculate the sheath energy transmission
coefficient.

Fig. 5.27 shows some exemplary values of γ(0◦) for different values of the elec-
tron temperature. The measured values are bracketed by values calculated from the
measured floating and plasma potential with and without a contribution of the recom-
bination energy ER. For simplicity, ER was approximated by the ionization energy
Eion only. While more extensive data on this problem can for example be found in
[Takamura et al., 1998, Takamura et al., 2000, Koch et al., 2001] and [Koch, 2000], it
is obvious from the measurements presented here that the recombination process is an
important issue at low electron temperatures. For helium and argon, the dependence on
the electron temperature of the experimentally determined sheath energy transmission
coefficient γ can be satisfactorily fitted to the T−1

e dependence expected from equation
(3.44). For hydrogen, on the other hand, the measured γ(Te) falls off much quicker.
Thus the fraction of the excitation energy transferred to the surface seemingly depends
on the kinetic energy of the incoming ions. Although a fit to the experimental data
suggests a dependency ∝ T−4

e , this should not be overrated: Previous measurements
([Koch, 2000]) for a larger range of Te also reveal a considerable scatter for γ(Te). This
is because γ also depends on other quantities: While the Te dependence is predomi-
nant, it also slightly depends on the ion temperature, the particle- and energy reflection
coefficients as well as secondary electron emission.

Fig. 5.28 shows the angular dependence of the sheath energy transmission coefficient
γ(α). Even for small gyro radii it exhibits only a weak angular dependence up to about
|α| < 75◦. Beyond this, the influence of the magnetic field becomes obvious. While
there is little or no effect in case of large ion gyro radii, for hydrogen with ri = 2 mm,
a decrease of 50% is observed. This strong decrease is caused by the reduction of the
floating potential and an increase of the ion energy reflection coefficient.
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(a) hydrogen (b) helium

(c) argon

Figure 5.27: The sheath energy transmission coefficient γ at α = 0 as a
function of the electron temperature Te (squares). The dashed
curves were obtained by fitting the experimental data. Theo-
retical values calculated from the measured values of the float-
ing potential and the measured ion energy reflection coefficient
Ri,E are plotted as circles together with the corresponding aver-
age value (lower line). The upper line indicates the theoretical
value including the recombination energy (approximated by
ER = Eion).
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(a) Hydrogen, low (left) and high (right) magnetic field. The plasma parameters are the
same as for Fig. 5.15(a).

(b) Helium, low and high magnetic field. The plasma parameters are the same as for
Fig. 5.15(b).

(c) Argon, low and high magnetic field. The plasma parameters are the same as for
Fig. 5.15(c).

Figure 5.28: Experimentally determined sheath energy transmission factor
γ as a function of the angle α.



92 Rotatable probe measurements

5.3 Conclusions and additional remarks to the ex-

perimental results

The measurements using the rotatable probe exhibit for |α| = 90◦ some interesting
features. To some extend, those features are also observed in the application of flush
mounted probes in limiters and divertor plates, e.g. a reduced ratio of jsat

e /jsat
i , non-

saturation of electron and ion current density and an overestimation of the electron
temperature. However, due to the flexibility of our experimental arrangement, some
instructive observations could be made which allow us to exclude some of the former
presumptions: The non-saturation effects of the electron current density in magnetized
plasmas are frequently attributed to the sheath properties at the counter electrode. In
our experiments, the counter electrode is quite similar for measurements at different
angles. Still, for α = 0◦ good saturation of the electron current density is observed
while at |α| = 90◦ it is clearly not saturated. Consequently, the non-saturation of
the electron current density must be attributed to the magnetized sheath at the probe
surface.

For the ion saturation, an interesting effect occurs: The observed non-saturation
of the ion saturation current at grazing incidence of the magnetic field exhibits an
asymmetry. The non-saturation occurs only for one of the two grazing positions, at
α = −90◦ for B > 0 and at α = +90◦ for B < 0. Although this effect cannot
be explained in terms of the basic model presented in this thesis, the breach of the
α = ±90◦ symmetry suggests that this is a finite size effect.

The pseudo-increase of the electron temperature has been reproduced for small
values of the ion gyro radius. Comparison of different measurements (plasma and
floating potential, particle and energy flux density) substantiate the idea that this is
not due to a inappropriate evaluation procedure but caused by a deviation of the mean
electron energy within the magnetized sheath. The reason for this deviation is the
energy filtering effect described in section 3.4.

A strong deviation of the particle flux densities from a simple cosine dependency is
observed. A considerable fraction of the ion and electron saturation current densities
jsat
i (0◦) and jsat

e (0◦) remains for |α| = 90◦. However, a pronounced angular asymmetry
has been observed and can be related to the magnetic field. Although there is no
theory available to describe the proper behaviour of jsat

i (α) and jsat
e (α), the ratios of

jsat
i (±90◦)/jsat

i (0◦) and jsat
e (±90◦)/jsat

e (0◦) can be reasonably explained by the simple
model presented in section 3.4. Quite surprisingly an increase of the particle flux
density is observed when approaching grazing incidence conditions (|α| → 90◦).

Since the sheath potential depends on the ratio of ion- to electron saturation current,
the different angular dependence of jsat

i (α) and jsat
e (α) results in an angular dependence

of the floating voltage. Although it remains below the measured plasma potential for
all conditions, its absolute value is diminished considerably and exhibits a minimum
near |α| = 90◦.

The energy flux density to the probe can be satisfactorily explained invoking a
basic model of the plasma sheath. Furthermore, the model allows us to determine the
angular dependence of one of the key parameters influencing the energy flux, the ion
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energy reflection coefficient Ri,E. A strong angular dependence was found for small
values of the ion gyro radius ri. Finally, the important sheath energy transmission
coefficient could be determined from the experimental data. As expected, its angular
behavior follows the angular dependence of the sheath potential and the ion energy
reflection coefficient, leading to a drastically decreased heat load for |α| = 90◦.
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Chapter 6

Summary

It was the intention of this work to bring forward the fundamental understanding of
particle- and energy fluxes towards plasma exposed surfaces. Although this subject
has been under investigation for a considerable time, some of the fundamental issues
have not been solved up to today. Theoretical works in this field can be basically
grouped into two categories: Analytical models requiring strong restrictions for possi-
ble geometries and other simplifying assumptions. The models are usually invoked in
order to theoretically study general properties of the sheath, e.g. the Bohm criterion
or the pre-sheath acceleration mechanisms. However, especially in case of the mag-
netized sheath at gracing incidence of the magnetic field, some of the presumptions
are highly questionable and the results are not in good agreement with experimental
results. Self consistent numerical codes based on first principles, on the other hand,
appear to be more flexible. With the increasing calculation power, recently even two
dimensional calculations have become possible. Still, in order to model the plasma
surface interaction with its different length- and velocity scales (electrostatic sheath �
pre-sheath, vi � ve) and the anisotropy introduced by the magnetic field a number
of simplifications are required. Especially a real inclusion of the (large scale) plasma
source including all important processes (collisions, ionization etc.) is beyond the scope
of present numerical sheath models. Apart from those technical details, there is also
a fundamental disadvantage. While analytical models usually explicitly highlight the
physics involved, first principle numerical calculations are more akin to experiments in
that they only yield results for certain observables. Thus, their field of application can
be seen at the interface between experiments and more abstract considerations: Those
quantities available from experiments can be directly compared to the same quantities
obtained from first principle simulations to establish the applicability of the latter.
Subsequently, values not readily obtained from the experiments can be extracted from
the simulation and used for further investigations.

Detailed experimental work on this subject is not found in abundance. Although
measurements of particle- and energy fluxes onto limiters and divertor plates as well
as Langmuir probes in the edge region of fusion plasmas are routinely applied, the
interpretation of the results is difficult. In general, the fixed setup and the limited
accessibility make it impossible to resolve arising questions by systematically changing
the geometry of the experiment. A good example for this kind of limitations is the
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application of flush mounted probes usually embedded in limiters and divertor plates.
In comparison with other diagnostics and plasma modeling, strong deviations of the
electron temperature can be found and for an in-depth understanding a careful analysis
of the transition from the flush mounted- to the normal probe geometry is required.

Smaller experiments, usually referred to as “divertor simulators” are more flexible
with respect to the geometry as well as with respect to the plasma parameters. For
example, a number of experiments have been performed concerning the energy flux
to targets immersed in stationary plasmas. In addition, some quantities of interest,
e.g. energy- and particle reflection, have been studied using monoenergetic ion beams.

Among these, the present work is focused on the influence of one of the key pa-
rameters for the interaction of magnetized plasmas with surfaces: the angle α between
the magnetic field and the surface normal. At the PSI-2 facility, excellent working
conditions were found for this enterprise. It was devised as a facility to test diagnos-
tics and components for the divertor region. Hence, the plasma conditions are nearly
comparable to where the plasma wall interaction takes place in the larger fusion ex-
periments. Although the magnetic field in the PSI-2 facility is not as strong as fields
usually applied in the large fusion devices, the basic traits are preserved: The ions and
electrons are magnetized and we find λD < re < ri. While the relative proportions
of the Debeye length and the gyro radii are preserved, the absolute values are larger.
Due to the steady state mode of operation, different kinds of measurements can be per-
formed under identic conditions permitting the cross checking of different quantities.
Special care was taken in order to perform all measurements at various angles α while
preserving identical plasma conditions. For all we know, our measurements combine
both the highest angular resolution as well as the widest angular range covered so far.

The ion- and electron saturation currents, the plasma- and the floating potential
were determined by evaluating current voltage characteristics. Effects of non saturation
can be observed in these characteristics for both, electron and ion currents. For the ion
current, an asymmetry of this non saturation is seen; it can be attributed to the sense of
gyration of the ions. The present experiments support the suspected overestimation of
the electron temperature in the bulk plasma by measurements applying flush mounted
probes. The comparison of measurements at grazing incidence compared to those at
normal incidence in combination with a basic model suggests that this is due to energy
filtering effects. Thus in order to extract the true electron temperature of the bulk
plasma from the probe measurements, a very detailed model of the transport within
the sheath will be required.

While the presumptions of the Chodura model[Chodura, 1982] usually lead to a
vanishing ion flux density Γi → 0 for |α| → 90◦, a simple analytical model taking into
account the velocity distribution as well as the proper gyro motion of the particles in
the vicinity of the probe was developed to explain the residual ion- and electron current
at grazing incidence. The model is in qualitative agreement with the ratio of Γ⊥/Γ||
observed experimentally but fails to explain a peak in the particle fluxes found right
at |α| = 90◦.

In accordance with the angular dependence of the particle flux densities, a strong
angular dependence is also observed for the floating voltage. Although it remains below
the measured plasma potential for all plasma conditions, its absolute value is reduced
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considerably and exhibits a minimum near |α| = 90◦. As a consequence, the kinetic
energy of the impinging ions is also diminished reducing the sputtering yield as well as
the heat load onto the target.

In addition to the electron current, the energy flux density was also measured. The
latter can be satisfactorily explained invoking a basic model for the plasma sheath. The
experimental results were used to cross check the current and voltage measurements.
Applying the basic model of the energy flux density, the ion energy reflection coefficient
Ri,E can be extracted from the data. To our knowledge, in this thesis this important
quantity was measured for the first time as a function of the angle in a magnetized
plasma. It is found to increase substantially for |α| → 90◦ in case of a small ion gyro
radius ri � probe size. For large ri, a weak angular dependence is observed.

Considering the differences of the scale lengths, the applicability of the results to
the interaction of fusion plasmas with limiter structures and divertor plates needs to
be carefully considered. It can be expected that the effects observed in this work with
large gyro radii will appear on a smaller angular range around grazing incidence due
to the reduced scale lengths. On the other hand, it is shown that magnetic field effects
are not limited to the grazing incidence case but, on the contrary, are present even at
α = 0. The present experiments also demonstrate the importance of finite size effects:
Even if the probe exceeds the ion gyro radius by an order of magnitude, the observed
asymmetries are qualitatively similar to those encountered if the ion gyro radius exceeds
the probe size. Extrapolating this to the case of high magnetic fields, finite size effects
should be smaller but not negligible.

Comprising the experiments, the results are found to be consistent among each
other. Some of the results, especially for α = 0◦ are in agreement with standard the-
ory. For most of the results, i.e. all the measurements at oblique and grazing incidence,
advanced modeling will be required. The basic model developed in this thesis is ca-
pable to explain qualitatively the residual particle flux at grazing incidence. Still, the
experimental data collected in this work is a great challenge to future modeling efforts
and may be used as a bench mark for their applicability.
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Schröder and Gerd Fußmann
Transport and Deposition of Hydrocarbons in the Plasma Generator PSI-2.
10th International Workshop on Carbon Materials for Fusion Application,
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