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A high-flux cascaded arc
hydrogen plasma source

The walls of future fusion reactors will be exposed to very high flux densities
(1024 ions m−2s−1) of hydrogen plasma with a temperature of 1 to 10 eV. The
Magnum-PSI experiment at the FOM Institute for Plasma Physics Rijnhuizen
aims to reproduce these conditions and investigate wall erosion and hydrogen
retention in wall materials. The cascaded arc has been chosen as the plasma
source for Magnum-PSI, because it can produce thermal plasma at the required
temperature. This thesis describes the optimization of the cascaded arc towards
high efficiency and high flux during operation in hydrogen.

The starting point for this research was a source design used extensively at the
TU/e for deposition and etching applications. In these applications, the cascaded
arc is typically operated on argon at a discharge current of 50 A and zero mag-
netic field, which enables the reliable production of high fluxes of various radicals.
The requirements for Magnum-PSI demanded operation in hydrogen with strong
magnetic fields and much higher efficiencies than previously attained. In explo-
rative experiments in the linear plasma generator Pilot-PSI, a 4 mm diameter
cascaded arc operated at typically 50 A and hydrogen flow rates up to 3.5 slm
was measured to have a gas efficiency of ≤ 5% and energy efficiency of ≤ 3% at
4 cm distance from the source and essentially zero at the target (60 cm from the
source) [1]. The goal of this work was to optimize the cascaded arc to produce a
flux of 4 · 1021 H+ s−1 at the target of Pilot-PSI with at least 20% gas efficiency
and 10% energy efficiency.

The parameters to be optimized were the discharge channel diameter and
length (i.e. the channel geometry), gas flow rate, discharge current and magnetic
field (i.e. operation). The approach taken was to first, in zero magnetic field and
at constant length, determine by a combination of experiments and theoretical
modeling how the output and efficiency scale with the diameter, current and flow
rate. The rationale for this approach is that the magnetic field has little influence
on the plasma production inside the source. In a second step, the plasma at the
target was optimized, using the interaction of the magnetic field and the nozzle
geometry and the channel length.
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The main results are that the output flux (ΓH+) and gas efficiency (β) are
proportional to the input power, while the energy efficiency (ε) is independent of
it. The input power itself was found to be linear in both the discharge current
and channel pressure. Both ΓH+ and ε increase with the approximately square
root of the flow rate (Φ0.5), while β ∼ Φ−0.5. The diameter affects the pressure
(p ∼ d

−2) and hence input power, but hardly changes ΓH+ at constant power. The
theoretical model shows that the effective “active” plasma volume in the discharge
channel is the quantity with the largest effect on the output and that electron-ion
energy transfer and diffusion towards the walls are the most important electrons
energy loss processes.

A source with three discharge channels in the cascade plates was designed and
built to evaluate the feasibility of using multi-channel sources for the production
of wide plasma beams. Homogeneous, 5 cm wide, high-flux argon plasma beams
were routinely produced with this source. The source stability during hydrogen
operation was found to be more sensitive to the source construction and experi-
mental conditions and the hydrogen beam homogeneity was smaller than that of
argon beams. The beam homogeneity can be improved by drawing a part of the
discharge current to an external cylindrical electrode.

Detailed measurements of the development of the arc in the discharge channel
showed that the plasma fully develops within 4 mm from the cathode tip. The
plasma output is therefore independent of the channel length (L), while the input
power is proportional to L. The high pressure magnetized plasma in the nozzle
region prevents the channel pressure in short and wide channel sources from be-
coming too low. These facts enabled the use of shortened sources for significantly
improved efficiency and reduced complexity. A maximum energy efficiency of 12%
and gas efficiency of 40% were obtained at the target of Pilot-PSI with a 7 mm
diameter, 18 mm long source operated at currents up to 600 A and a magnetic
field of 1.6 T.

In conclusion, the plasma output was increased by two orders of magnitude.
The gas efficiency to the target was improved from essentially zero to more than
40%. Since the energy efficiency to the target was improved to 12%, the goals on
output and efficiency were met. The main engineering challenges were identified to
be power management/cooling of the anode, arcing between source components
(notably between the last plate and anode) and the development of a multi-
channel cascaded arc with a relatively homogeneous beam profile during hydrogen
operation. The achieved results can significantly improve the use of the cascaded
arc in industrial surface treatment applications.



De cascadeboog als
hoge-flux bron voor
waterstofplasma

De wanden van toekomstige fusiereactoren zullen blootgesteld worden aan zeer
hoge fluxdichtheden (1024 ionen m−2s−1) van waterstofplasma van een temper-
atuur van 1 tot 10 elektronvolt (eV). Het Magnum-PSI experiment op het FOM-
Instituut voor Plasmafysica Rijnhuizen heeft tot doel deze condities na te boot-
sen en de wand-erosie en de retentie van waterstof door de wand te onderzoeken.
De cascadeboog is geselecteerd als plasmabron van Magnum-PSI, omdat deze
waterstofplasma van de juiste temperatuur kan produceren. Dit proefschrift be-
schrijft de optimalisatie van de efficiëntie en plasmaproductie van een op waterstof
bedreven cascadeboog.

Het startpunt voor dit onderzoeksproject was een bronontwerp van de Tech-
nische Universiteit Eindhoven dat veelvuldig wordt gebruikt in depositie- en ets-
toepassingen. Voor deze toepassingen wordt de cascadeboog normaliter bedreven
op argon, wordt geen gebruik gemaakt van een magneetveld en is de bronstroom
ongeveer 50 A. Hiermee kunnen hoge fluxen van atomaire en moleculaire radicalen
worden geproduceerd. De wetenschappelijke doelen van Magnum-PSI vereisen
waterstof-operatie in sterke magneetvelden bij veel hogere efficiënties dan eerder
behaald. In voorgaande experimenten in de lineaire plasma generator Pilot-PSI is
de gasefficiëntie (de gëıoniseerde fractie van het totale aantal ingeblazen atomen)
van de cascadeboog plasmabron bepaald op ≤ 5% en de energie-efficiëntie op
≤ 3%, beiden gemeten op 4 cm afstand van de bron. De efficiëntie was praktisch
nul bij de trefplaat op 60 cm afstand van de bron. Het doel van dit werk was
om de cascadeboog te optimaliseren, zodat deze een flux van 4 · 1021 H+ s−1

naar de trefplaat van Pilot-PSI kon produceren met 20% gasefficiëntie en 10%
energie-efficiëntie.

De te optimaliseren parameters waren de diameter en lengte van het ontla-
dingskanaal (oftewel, de bron-geometrie) en de gasstroomsnelheid, bronstroom en
magneetveld (oftewel, de operatie). De aanpak was om eerst, zonder magneetveld
en bij een vaste lengte, via experimenten en theoretische modellering te bepalen
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hoe de plasmaproductie en efficiëntie schalen met de diameter, stroom en stroom-
snelheid. Deze strategie was gebaseerd op de verwachting dat het magneetveld
weinig invloed zou uitoefenen binnen de plasmabron, omdat het plasma daar,
vanwege de hoge botsingsgraad, niet is gemagnetiseerd. In een tweede stap werd
het plasma bij de trefplaat geoptimaliseerd. Hierbij zou de interactie tussen het
magneetveld en de nozzle-geometrie belangrijk zijn en de lengte geoptimaliseerd
worden.

Het belangrijkste resultaat is dat de totale ionenflux (ΓH+) en gasefficiëntie
(β) evenredig toenemen met het totale inputvermogen (Pin), terwijl de energie-
efficiëntie (ε) onafhankelijk is van Pin. Pin zelf is lineair in zowel de bronstroom
als de druk in het kanaal. ΓH+ en ε nemen beiden toe met grofweg de wortel van
de gasstroomsnelheid (Φ0.5), terwijl β ∼ Φ−0.5. De diameter bëınvloedt de druk
in het kanaal (p ∼ d

−2) en daardoor ook het inputvermogen, maar verandert
ΓH+ bijna niet (bij constant vermogen). Het theoretische model laat zien dat
het effectieve volume van het “actieve” plasma in het kanaal de belangrijkste
bepalende factor is voor de plasmaproductie. Elektron-ion energie overdracht en
ambipolaire diffusie naar de wand toe zijn de belangrijkste verliesprocessen voor
de elektronen.

Een bron met drie ontladingskanalen is ontworpen en gebouwd om de haal-
baarheid van het gebruik van meerkanaals cascadebogen voor de productie van
brede plasmabundels te onderzoeken. Met deze plasmabron zijn routinematig 5
cm brede, homogene, hoge-flux argon plasmabundels gemaakt. De stabiliteit van
de meerkanaals cascadeboog tijdens waterstof operatie bleek gevoeliger te zijn
voor details in de constructie van de bron en de experimentele condities. De wa-
terstofbundels waren minder homogeen dan de argon bundels. De homogeniteit
van de bundel kan worden verbeterd door een deel van de bronstroom te trekken
naar een externe cylindrische elektrode.

Detailmetingen aan de ontwikkeling van de ontlading in het kanaal hebben
aangetoond dat het plasma zich volledig ontwikkelt in de eerste 4 mm na de
cathodepunt. De plasmaproductie is daardoor onafhankelijk van de totale lengte
van het kanaal (L), terwijl het inputvermogen proportioneel is aan L. De hoge
druk in het gemagnetiseerde plasma in de nozzle regio voorkomt dat de druk
in korte en wijde bronnen te laag wordt. Deze factoren maakten het mogelijk
om kortere bogen te gebruiken met een veel hogere efficiëntie en gereduceerde
complexiteit. Continuatie van de bronstroom in de bundel en magnetisatie van
het plasma in de bron droegen bij aan een verdere toename in efficiëntie. Een
maximale energie-efficiëntie van 12% en een gasefficiëntie van > 40% zijn behaald
bij het substraat van Pilot-PSI met een 7 mm wijd, 18 mm lang ontladingskanaal,
600 A bronstroom en een magneetveld van 1.6 T.

We concluderen dat door deze optimalisaties de plasmaproductie met twee or-
des van grootte is toegenomen. De gasefficiëntie is verbeterd van praktisch nul tot
meer dan 40%. Aangezien een energie-efficiëntie van 12% is gerealiseerd, zijn de
doelen voor totale flux en efficiëntie behaald. De belangrijkste overgebleven tech-
nische uitdagingen zijn de warmtebelasting van de anode, kortsluitingen tussen
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brononderdelen (met name tussen de laatste cascadeplaat en de anode) en de
ontwikkeling van een meerkanaals cascadeboog met een relatief homogene output
tijdens waterstof-operatie. De behaalde resultaten kunnen industriële toepassin-
gen van de cascadeboog voor oppervlakte-behandeling significant verbeteren.
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Chapter 1

Introduction

1.1 Fusion as an energy source

Finding solutions to many of the world’s global challenges can be expedited by the
development of a sustainable energy source. Global climate change, the finiteness
of the fossil fuel reserves and the tensions arising from countries’ interdepen-
dence on each others resources are unavoidable issues that demand a solution. A
truly sustainable energy source meets a number of requirements. It needs to be
clean (no greenhouse emissions, radioactive waste), unlimited, safe with respect
to its surroundings and weapons proliferation, large-scale (to support growing
economies, heavy industry), affordable enough to compete with fossil fuel based
sources and globally available (to prevent political tensions). Controlled fusion is
a prospective energy source that could meet all these criteria.

The driving idea behind fusion energy is to reproduce the reactions taking
place in the solar core in a reactor on earth. Fusion reactions efficiently convert
small amounts of mass into large amounts of energy, as evidenced by the Sun’s
expected lifetime of 10 billion years. The most reactor-relevant fusion reaction is
one between two isotopes of hydrogen, deuterium (2H or D) and tritium (3H or
T), which produces helium, a neutron and a large amount of energy:

2H + 3H −→ 4He + n + 17.6MeV. (1.1)

Tritium, which does not occur naturally, will be produced in the power plant itself
via the reaction

6Li + n −→ 3H + 4He. (1.2)

A 1 Gigawatt (GW) fusion power plant would only consume approximately 100 kg
of D and 300 kg of Li per year. The available reserves of these fuels are sufficient
to meet global energy demands for millions of years. It is a great technological
challenge to heat a D-T plasma to the required 150 million degrees Celsius and
contain it for times sufficiently long to gain energy. The plasma (a gas of free

1



2 CHAPTER 1. INTRODUCTION

electrons and ions) and the heat contained in it are isolated from the reactor wall
with magnetic fields. This has already successfully been achieved in a reactor
called the tokamak, in which a combination of external coils and an induced
current through the plasma produces the necessary magnetic fields to confine the
plasma in its donut-shape (see Fig. 1.1). The next step in the international

Figure 1.1: Diagram of a tokamak, showing the toroidal and poloidal magnetic
field coils that produce the helical field needed for confinement of the donut-
shaped plasma. The poloidal field is generated by a current through the plasma,
which is induced by a transformer circuit around the tokamak.

fusion research and development program is the ITER tokamak, the first machine
designed produce more fusion power (500 MW) than the applied heating power
(50 MW). ITER will become operational in the South of France within a decade.

One of the unresolved issues for ITER and future fusion reactors is the handling
of power in the exhaust of the machine, the divertor. Because fusion reactors
produce a large amount of power in a relatively small volume, the power loads
on (part of) the reactor walls are extremely high. In ITER, the heat flux to the
divertor wall will be similar to that on the surface of the Sun (10 MWm−2)! The
complex system of plasma-surface interactions (PSI) in these conditions cannot
be sufficiently studied in currently operational devices, which calls for a new
laboratory experiment (section 1.2). The linear plasma generator Magnum-PSI,
currently under construction at the FOM-Institute for Plasma Physics Rijnhuizen,
fills this gap (section 1.3). For it to become a success, it needs a plasma source
capable of efficiently producing approximately 100× higher hydrogen plasma flux
than what was achieved in earlier similar experiments. The development of such
a plasma source is the subject of this thesis (section 1.4).
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1.2 The need for a new plasma-surface interac-
tion experiment

One challenge of the tokamak development is the exhaust the reaction product
(the helium “ash”) and other impurities from the magnetically confined plasma
before they cool the plasma down. The leading approach to this challenge is called
a divertor and is shown in Fig. 1.2. In a divertor tokamak, the magnetic field

Figure 1.2: Diagram of magnetic field configuration of a divertor tokamak, show-
ing the separatrix (or Last Closed Flux Surface), the x-point, scrape-off layer and
divertor plates.

is configured to have closed fieldlines within the “separatrix” and open fieldlines
(ending on the wall) outside this boundary. The central plasma is thus confined,
while the plasma edge (with a relatively large fraction of impurities) is diverted
towards the wall. The plasma cools to a temperature of 10.000-100.000 K en route
to the strike-points. The extreme ion flux density of 1024 m−2s−1 determines
the power density of 10MWm−2, despite the relatively low plasma temperature.
These high fluxes will be sustained for a long time, because an ITER shot will
last ∼103 seconds. The total ion fluence to the divertor wall during a single shot
will thus be 1027 m−2, which is equivalent to a full year of JET operation, i.e.
3000 shots of the largest tokamak in the world.

Besides issues related to the high heat flux (melting, evaporation), the extreme
particle fluxes can cause (chemical and physical) erosion and retention of fusion
fuels (e.g. by implantation or re-deposition of eroded material, see Fig. 1.3). This
may limit the operational lifetime of the machine (due to erosion or T retention
safety limits), reduce the fusion performance and make controlled fueling of the



4 CHAPTER 1. INTRODUCTION

Figure 1.3: Cartoon of the complex system of plasma-surface interactions relevant
for divertors of future tokamak reactors. The plasma and surface form a strongly
coupled and non-linearly interacting system in these conditions.

machine challenging.
Erosion and retention are influenced by many parameters, like the wall ma-

terial, plasma temperature, wall temperature, surface condition, magnetic field
strength, inclination angle, radiation damage, etcetera. The ion flux towards the
surface is furthermore not only determined by the incoming plasma, but also by
the particles returning to the wall after erosion, as ionization mean free paths
are typically shorter than the plasma size. The plasma and surface thus form a
complicated, strongly coupled and non-linearly interacting system in future toka-
maks.

Doing PSI research on linear plasma generators instead of in tokamaks has sev-
eral important advantages. First, diagnostic access to the surface and plasma is
much better in linear machines. Second, targets can be easily exchanged, whereas
in tokamaks wall tiles are typically only replaced during engineering breaks in
between long experimental campaigns. This is essential for testing different ma-
terials, having certainty about the state of the surface during the plasma exposure,
and correlating the results of ex-situ analysis with the exposure. Third, control
over the conditions is generally much better, allowing for more detailed investiga-
tions. Fourth, a linear plasma generator can run in steady-state (with the right
plasma source and magnetic field coils), allowing for high fluence exposures. And
finally, they are significantly cheaper to build and operate than tokamaks.

The flux densities and fluences reached in current laboratory experiments and
tokamaks are orders of magnitude below the values expected in ITER. Investigat-
ing the strongly coupled regime of PSI thus requires a new laboratory experiment
capable of producing extreme hydrogen plasma fluxes at low temperatures in
steady-state. Magnum-PSI is this experiment.



1.3. THE REQUIREMENTS OF MAGNUM-PSI 5

1.3 Magnum-PSI and the requirements on its plasma
source

Magnum-PSI (MAgnetized plasma Generator and NUMerical modelling) com-
bines a high-flux plasma source with a high pump speed vacuum system, 3
Tesla superconducting magnet and advanced target station into the unique lin-
ear plasma generator shown in Fig. 1.4. The requirements for Magnum-PSI are

Figure 1.4: The linear plasma generator Magnum-PSI consists of three chambers:
source, heating and target chamber. These chambers are heavily pumped to keep
the pressure at the target low (∼1 Pa) while the plasma source is on. A large
superconducting magnet generates the 3 T magnetic field that confines the plasma
into an intense beam.

set by the expected conditions in the ITER divertor and are listed in Table 1.1,
which also compares them to the best values achieved in other devices. The re-
quirement on the beam diameter (� 10 cm) follows from the ionization mean
free path of CH4 (the most common erosion product) in a ne = 1020 m−3, 1 eV
(= 1024 m−2s−1) hydrogen plasma. This MFP scales like n

−1
e

, so narrower beam
diameters may be sufficient if higher electron densities are reached. The devel-
opment of an extensive suite of plasma and surface diagnostics and a supporting
numerical modelling programme are integral parts of the project.

The vacuum system consists of three chambers (source, heating and target)
that are separated by skimmers. All are pumped down by a 40.000m3hr−1

roots blower. The differential pumping removes most neutrals early on to keep
transport-losses at acceptable levels. The target chamber additionally features
extra turbo pumps to keep the local background pressure at ∼1 Pa, despite the
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Magnum-PSI Other devices
Ion flux density ≤ 1025 m−2s−1 ≤ 1023 m−2s−1

Power density > 10MWm−2 � 1 MWm−2

Electron temperature 1-7 eV 101-102 eV
Beam width ≤ 10 cm* < 6 cm
Background pressure 1 Pa 10−3-100 Pa
B-field (SS) ≤ 3T ≤ 0.4T
Target analysis in-situ ex-situ
Target inclination variable 0-90◦ fixed, typically 90◦
Target cooling 50 kW ∼1 kW

* full width parabolic profile

Table 1.1: Design parameters of Magnum-PSI, compared with best values
achieved in the current generation of linear plasma generators.

very large particle flux into the chamber. The steady-state magnetic field of 3
T is generated by a 2.5 m long, liquid helium cooled niobium-titanium (NbTi)
superconducting magnet with a 1.3 m inner diameter. The water-cooled target
can be rotated over arbitrary angles around two axes. It can be retracted to a
separate analysis chamber while remaining in vacuum. The large number of ports
in the superconducting magnet (8), the vacuum chambers (∼60) and the target
analysis chamber (20) allow for the simultaneous deployment of several plasma
and surface diagnostics. The plasma and background conditions at the target can
be controlled with several experimental parameters.

The requirements on the plasma parameters at the target directly translate
into requirements on the plasma source. The high flux of hydrogen plasma should
be created in the low 1-3 eV temperature range, as further control of T̂e is expected
to be provided by RF heating. The total ion flux in a 10 cm wide plasma beam
with a parabolic profile and 1024 m−2s−1 peak flux density is ΓH+ = 4 · 1021 s−1,
i.e. 9 standard liters of H+ ions per minute! The total power deposited on the
target by such a plasma beam is 40 kW. The plasma should be produced with
the highest possible gas and energy efficiency. The minimum gas (β) and energy
(ε) efficiencies of 20 and 10%, respectively, are determined by the capacities of
the pumping and cooling systems. Increasing the efficiencies enables a greater
controls of the conditions at the target (e.g. the background pressure), lessens
the challenge of the source cooling design, and reduces the operating costs (gas
and electricity).
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1.4 This thesis: research question and approach

One of the most important choices in the design of Magnum-PSI was that of
the plasma source. The difficult combination of high output flux at low plasma
temperatures lead to a high pressure, high power source. In the late 1980’s,
the Eindhoven University of Technology started developing the cascaded arc [2],
originally designed by Maecker in the 1960’s [3], as a high flux source for atomic
or molecular radicals for surface treatment applications [4]. The separation of the
plasma production and surface treatment regions (the so-called “remote source”
method) proved to give much better flexibility and control over the experimental
conditions at much higher fluxes of the reactive species [5, 6]. Based on this
experience, the initial results for hydrogen operation [7, 8, 9] and early experiments
in linear plasma generator Pilot-PSI [1], the cascaded arc was selected as the
plasma source for Magnum-PSI. The cascaded arc, shown in Fig. 1.5, is a flowing,
high pressure, DC arc discharge source that turns gas into plasma via Ohmic (i.e.
resistive) heating. The cylindrical discharge channel with one or more cathodes

Anode/nozzle

Cathode (3x)

Gas inlet Cascade plates (5x)

PVC spacer

O-ring

BN spacer

Figure 1.5: The cascaded arc consists of a stack of water-cooled copper plates
that are electrically insulated from each other. A cylindrical hole in all plates
form the discharge channel. Gas is fed into the source at the cathode side. The
discharge current runs between one or more lanthanized tungsten cathodes and a
cylindrical W-Cu anode.

tips at the inlet and a cylindrical anode at the outlet has a segmented wall that
prevents the discharge current from running through the wall. The power supplies
are current-stabilized, which means that they adjust the operating voltage (and
hence input power) to the value that is needed for delivering the set current.
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This value depends on the electrical resistance of the plasma in the discharge
channel. The pressure drop over the channel (from about 104 Pa down to 1-10
Pa) accelerates the plasma to a velocity at the exit of a few kilometers per second.

As mentioned, the cascaded arc is typically used as a source of atomic and
molecular radicals for fast deposition of thin layers and for surface modification
[10, 11, 12]. For these applications, it was (mostly) optimized for the dissociation
of molecules like N2, SiH4 and CH4 via charge-exchange reactions with Ar+ ions
[13]. The ionization and energy efficiency of a pure argon arc are both ∼10% [2].
At the start of this development program the total measured ion output during
pure hydrogen operation was of the order of 1020 s−1, i.e. almost 2 orders of
magnitude below the Magnum-PSI requirement (to ΓH+ = 4·1021 s−1). The input
power was ∼3-10 kW, which was significantly higher than with other gases at the
same current (20-100 A). The energy and gas efficiency were of the order of 1-10%
just outside the source and essentially zero at the target of Pilot-PSI at 0.6 m from
the source [1, 7]. The low efficiency was thought to be caused by a combination
of hydrogen’s large thermal conductivity and high volume recombination rates.

The main research question of this thesis is: with what discharge geometry
(diameter, length) and operational parameters (current, gas flow rate, B-field) are
the gas and energy efficiency of a hydrogen cascaded arc optimal? The boundary
conditions to this question are that i) the set requirements on the plasma parame-
ters at the target must be met; ii) the gas efficiency is at least 20%; iii) the energy
efficiency is at least 10%; iv) the optimization is guided by an understanding of
the main physics of the source. Technologically, the goal is to simplify the source
design, thereby reducing the number of possible failure points and the demands
on the infrastructure.

It is known from previous work [14] that a strong axial magnetic field signifi-
cantly affects the plasma production by depositing extra power in the magnetized
beam outside the arc channel. Partly on this basis, the approach to the devel-
opment program is to split the problem in three parts. First, the basic physics
of the plasma production inside the discharge channel without magnetic field is
investigated. This serves to provide a basic understanding of why the efficiency is
low in the conditions investigated before and gives direction to further optimiza-
tions. Because direct measurements inside the discharge channel are difficult, we
combine measurements of the arc pressure and voltage with a simplified theoreti-
cal model to formulate scaling laws for the production and efficiency. This is as a
function of the subset of the source parameters hypothesized to be most impor-
tant (diameter, current, flow rate), first empirically with fairly crude assumptions
on the electron temperature T̂e and ionization degree α. The estimates of the effi-
ciency are then improved by determining T̂e from the particle balance and α from
the energy balance. These scaling laws are tested with Thomson scattering mea-
surements close to the source. Second, we determine the influence of the channel
length and magnetic field on the operation and efficiency of an optimized source.
The axial evolution of the hydrogen arc (which determines the effect of L on ε) is
investigated with local voltage and calorimetry measurements in the source. The
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influence of the magnetic field on the power dissipation is investigated, enabling
at the same time measurements of the overall efficiency at the target of Pilot-PSI.
Third, we focus on the question of how to increase the beam diameter towards 10
cm. Since cross-field transport is not expected to provide enough broadening in a
3 T field, we investigate whether cascaded arcs with multiple discharge channels
can be used for this purpose. With multiple discharge channels, attention must be
given to the homogeneity of the flux profile at the target. To improve this, current
was drawn through the plasma beams to a cylindrical electrode surrounding the
whole plasma. Thomson scattering in front of the target is used to measure the
effect of this technique.

1.5 Publications

This thesis is based on the following publications:

• Optimization of the output and efficiency of a high power cascaded
arc hydrogen plasma source
W.A.J. Vijvers, C.A.J. van Gils, W.J. Goedheer, H.J. van der Meiden, D.C.
Schram, V.P. Veremiyenko, J. Westerhout, N.J. Lopes Cardozo, and G. J.
van Rooij, Physics of Plasmas 15, 093507 (2008)

• Experimental and theoretical determination of the efficiency of a
sub-atmospheric flowing high power cascaded arc hydrogen plasma
source
W.A.J. Vijvers, D.C. Schram, A.E. Shumack, N.J. Lopes Cardozo, J. Rapp,
and G.J. van Rooij, Plasma Sources Science and Technology 19, 065016
(2010)

• Multiple discharge channels in a cascaded arc to produce large
diameter plasma beams
W.A.J. Vijvers, B. de Groot, R.S. Al, M.A. van den Berg, H.J.N. van Eck,
W.J. Goedheer, A.W. Kleyn, W.R. Koppers, O.G. Kruijt, N.J. Lopes Car-
dozo, H.J. van der Meiden, M.J. van de Pol, P.R. Prins, J. Rapp, D.C.
Schram, A.E. Shumack, P.H.M. Smeets, J.Westerhout, G.M.Wright, and
G.J. van Rooij, Fusion Engineering and Design 84, 7-11, 1933-1936 (2009)

• Efficient production of a high power magnetized hydrogen plasma
jet with an optimized cascaded arc source
W.A.J. Vijvers, et al., To be submitted to Physics of Plasmas

The author of this thesis was a co-author on the following publications:

• Carbon film growth and hydrogenic retention of tungsten exposed
to carbon-seeded high density deuterium plasmas
G.M. Wright, R.S. Al, E. Alves, L.C. Alves, N.P. Barradas, A.W. Kleyn,
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N.J. Lopes Cardozo, H.J. van der Meiden, V. Philipps, G.J. van Rooij, A.E.
Shumack, W.A.J. Vijvers, J. Westerhout, E. Zoethout, J. Rapp, Journal Of
Nuclear Materials 396, 176-180 (2010)

• Thomson scattering at Pilot-PSI and Magnum-PSI
G.J. van Rooij, H.J. van der Meiden, M.H.J. ’t Hoen, W.R. Koppers, A.E.
Shumack, W.A.J. Vijvers, J. Westerhout, G.M. Wright, J. Rapp Plasma
Physics And Controlled Fusion 51, 124037 (2009)

• Chemical erosion of different carbon composites under ITER-
relevant plasma conditions
J. Westerhout, D. Borodin, R.S. Al, S. Brezinsek, M.H.J. ’t Hoen, A.
Kirschner, S. Lisgo, H.J. van der Meiden, V. Philipps, M.J. van de Pol,
A.E. Shumack, G. de Temmerman, W.A.J. Vijvers, G.M. Wright, N.J. Lopes
Cardozo, J. Rapp, G.J. van Rooij, Physica Scripta T138, 014017 (2009)

• Hydrogenic retention in tungsten exposed to ITER divertor rele-
vant plasma flux densities
G.M. Wright, A.W. Kleyn, E. Alves, L.C. Alves, N.P. Barradas, G.J. van
Rooij, A.J. van Lange, A.E. Shumack, J. Westerhout, R.S. Al , W.A.J. Vi-
jvers, B. de Groot B, M.J. van de Pol, H.J. van der Meiden, J. Rapp, and
N.J. Lopes Cardozo, Journal of Nuclear Materials 390-91, 610-613 (2009)

• High sensitivity imaging Thomson scattering for low temperature
plasma
H.J. van der Meiden, R.S. Al, C.J. Barth, A.J. H. Donne, R. Engeln, W.J.
Goedheer, B. de Groot, A.W. Kleyn, W.R. Koppers, N.J. Lopes Cardozo,
M.J. van de Pol, P.R. Prins, D.C. Schram, A.E. Shumack, P.H.M. Smeets,
W.A.J. Vijvers, J. Westerhout, G.M. Wright, and G.J. van Rooij, Review
of Scientific Instruments 79, 013505 (2008)

• Rotation of a strongly magnetized hydrogen plasma column de-
termined from an asymmetric Balmer-beta spectral line with two
radiating distributions
A.E. Shumack, V.P. Veremiyenko, D.C. Schram, H.J. de Blank, W.J. Goed-
heer, H.J. van der Meiden, W.A.J. Vijvers, J. Westerhout, N.J. Lopes Car-
dozo, and G.J.van Rooij, Physical Review E 78(4), 046405 (2008)

• PSI research in the ITER divertor parameter range at the FOM
PSI-lab
J. Westerhout, W.R. Koppers, W.A.J. Vijvers, R.S. Al, S. Brezinsek, S.
Brons, H.J.N. van Eck, R. Engeln, B. de Groot, R. Koch, H.J. van der
Meiden, M.P. Nuijten, V. Philipps, M.J. van de Pol, P.R. Prins, U. Samm,
J. Scholten, D.C. Schram, B. Schweer, P.H.M. Smeets, D.G. Whyte, E.
Zoethout, A.W. Kleyn, W.J. Goedheer, N.J. Lopes Cardozo, and G.J. van
Rooij, Physica Scripta T128, 18-22 (2007)



1.5. PUBLICATIONS 11

• Extreme hydrogen plasma fluxes at Pilot-PSI enter the ITER di-
vertor regime
B. de Groot, R.S. Al, R. Engeln, W.J. Goedheer, O.G. Kruijt, H.J. van
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Chapter 2

Optimization of the output
and efficiency of a high
power cascaded arc
hydrogen plasma source

Based on: Physics of Plasmas 15, 093507, (2008)

Abstract
The operation of a cascaded arc hydrogen plasma source was experimentally in-
vestigated to provide an empirical basis for the scaling of this source to higher
plasma fluxes and efficiencies. The flux and efficiency were determined as a func-
tion of the input power, discharge channel diameter and hydrogen gas flow rate.
Measurements of the pressure in the arc channel show that the flow is well de-
scribed by Poiseuille flow and that the effective heavy particle temperature is
approximately 0.8 eV. Interpretation of the measured I–V data in terms of a one
parameter model shows that the plasma production is proportional to the input
power, to the square root of the hydrogen flow rate and independent of the channel
diameter. The observed scaling shows that the dominant power loss mechanism
inside the arc channel is one that scales with the effective volume of the plasma
in the discharge channel. Measurements on the plasma output with Thomson
scattering confirm the linear dependence of the plasma production on the input
power. Extrapolation of these results shows that (without a magnetic field) an
improvement in the plasma production by a factor of 10 over where it was in [G.J.
van Rooij, et al., Appl. Phys. Lett. 90, 121501 (2007)] should be possible.

13
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2.1 Introduction

2.1.1 Motivation

The cascaded arc plasma source is a suitable choice for applications that require
high fluxes of ions, photons or radicals at low plasma temperatures (0.1 to 10
eV) [3, 15, 16, 17]. In our plasma surface interaction experiment, the cascaded
arc is combined with a strong axial magnetic field (≤ 1.6T) to create an intense
magnetized hydrogen plasma beam (∼ 10MW/m2 to the target). In this paper
we determine scaling laws for the operation (i.e. current-voltage characteristics)
and plasma output (gas efficiency), of the cascaded arc operating on hydrogen.
The main variables are the input power (Pin), the gas flow rate (Φ), and the
diameter of the discharge channel (d or �).

The motivation for our work originates from issues related to plasma wall
interaction in future fusion reactors like ITER [18]. In ITER, the so-called divertor
functions as the exhaust for the fusion product 4He, impurities and part of the
fusion power. The steady state heat flux density to high flux areas of the ITER
wall is expected to reach ∼ 10MWm−2. It will be delivered by an extreme
particle flux density of 1024 ions m−2s−1 at a temperature of 1 − 10 eV. In such
conditions, fast erosion and high retention rates of the tritium fuel may limit
prolonged operation [19]. Knowledge about the complex system of plasma-surface
interactions (PSI) in these conditions is incomplete, because the combination of
ITER-like flux-densities, electron temperatures and fluences is not attained in
current fusion reactors or laboratory experiments.

The FOM Institute for Plasma Physics Rijnhuizen is building the linear plasma
generator Magnum-PSI (MAgnetized plasma Generator and NUmerical Mod-
elling) [20] to study the high flux, low temperature and strong magnetic field
regime of PSI. The specifications of Magnum-PSI are: � 10 cm plasma beam di-
ameter, steady-state flux densities up to 1024 ions m−2s−1, electron temperatures
of 1 − 7 eV, variable magnetic field of up to 3 T, and background pressures of
∼ 1 Pa. Assuming a parabolic flux profile, these requirements correspond to a
total ion flux of Γi = 4 × 1021 ions s−1. A high efficiency, high-flux cascaded
arc hydrogen plasma source is the key component of this device. High pressure
hydrogen plasma sources such as the cascaded arc usually operate at low gas effi-
ciency due to conductive and particle losses to the source walls and anomalously
fast volume recombination rates [21, 22]. The aim of this work is to improve the
output and efficiency of the cascaded arc enough to satisfy the requirements for
Magnum-PSI.

In the past, we have applied a cascaded arc according to the design of Kroesen
et al. [2] on our linear plasma generator Pilot-PSI, the forerunner of Magnum-PSI.
This yielded unprecedented plasma fluxes and densities by virtue of a synergetic
action of high magnetic fields and an optimized nozzle geometry [14]. However,
the total plasma flux was still an order of magnitude lower than what is required
for Magnum-PSI. In this paper, we investigate how the plasma production can be
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improved by a factor of 10 over what the flux is in the operational conditions of
[14] (d = 4 mm, Pin = 12 kW, Φ = 2.5 slm), without employing the nozzle-field
effect. This gives a flux requirement of Γout

H+ = 6 · 1020 s−1. It is investigated how
the channel diameter, input power and hydrogen flow rate determine the plasma
production. An empirical model is developed on the basis of I–V measurements
for an extrapolation of the plasma fluxes to those required for Magnum-PSI.
Thomson scattering and optical emission measurements are employed to check
the predictions made by the empirical model and to estimate absolute values of
the ion flux and gas efficiency.

2.1.2 Background from literature

It is known from literature that in hydrogen and nitrogen arcs, the discharge cur-
rent is concentrated in the center of the channel, where the electron temperature
and ionization degree is high [23, 24]. This current conduit widens as the input
power is increased. As a result, the I–V characteristic flattens or even develops a
negative slope. The power deposition into the arc depends on the plasma resis-
tance. The conductivity (σ) in the hot core depends on the electron temperature
(Te) according to the Spitzer relation [25]

σ =
2 · 104

T̂
3/2
e

lnΛ
, (2.1)

where T̂e is the electron temperature in eV. The conductivity is strongly dependent
on Te. The dependence on ne is weak. The electron temperature inside the
current conduit can be calculated from a charged particle balance that equates
the production of new electrons and ions to the convective loss of charged particles
from the source via sonic outflow. In [26], this is shown to lead to an electron
temperature of

T̂e ≈
Êion

ln(10pL
√

A)− ln(T̂h)
, (2.2)

where Êion is the ionization energy in eV (13.6 eV for hydrogen), p is the pressure
in the discharge channel, L the length of the channel, A is the atomic mass (1
a.m.u. for atomic hydrogen) and T̂h is the temperature of the heavy particles (i.e.
H and H+).

2.1.3 Outline

A series of sources with discharge channel diameters of 4–7 mm was tested on
Pilot-PSI. Details of the setup and diagnostics are given in section 2.2. All ex-
perimental results are given in section 2.3. To check if the flow in the discharge
channel is laminar and to be able to estimate the heavy particle temperature to
be used in Eq. (2.2), the pressure at the gas inlet was measured for all sources
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as a function of Φ and Pin. As described in section 2.4.2, the conductance of the
arc channel provides a measure of the plasma production. To determine how the
plasma production scales with the operating parameters, the discharge voltage
was measured as a function of the discharge current between 60 and 300 A at dif-
ferent hydrogen flow rates and channel diameters. The voltage was also measured
in a scan of the gas flow rate between 0.5 and 10 standard liters per minute (slm
= 4.5·1020 particles per second) at a discharge current of 100 A to investigate the
influence of the pressure on the source operation. For the same set of operating
conditions, the plasma output (electron density and temperature profiles) was
measured with Thomson scattering (TS). For one set of operational parameters,
the convective plasma velocity was measured with high resolution optical emission
spectroscopy (OES).

In section 2.4, first the pressure measurements are analyzed in terms of Poiseuille
flow and an estimate of the heavy particle temperature is made. Assuming that
the central temperature in the current conduit is dependent on p (via Eq. (2.2)),
but not on Pin, we then define a model with just one parameter: the effective
radius of the current conduit reff . Using this model, we estimate from the I–V
measurements the plasma production and determine how it scales as a function of
Pin, d and Φ. The ionization degree inside the current conduit (the only free pa-
rameter in the model at this point) is calibrated by comparing with the measured
plasma flux from the combined TS and OES measurements.

From the results in [14], it is known that the magnetic field has a strong
effect on the operation of our cascaded arc source and can have a very positive
effect on the plasma production. No magnetic fields were applied in the voltage
measurements in order to focus on the source operation and eliminate nozzle-
field effects. The TS and OES measurements, however, required a magnetic field
because otherwise the plasma recombination length scale would have been smaller
than the distance between the arc and the TS measurement (4 cm). Only fields
smaller than 0.4 T were used in order to minimize the extra power input in the
nozzle region. In section 2.5, we estimate the extent to which the source operation
is determined by the field. Using the scaling found from the I–V measurements,
we finally extrapolate the measured plasma fluxes to those required for Magnum-
PSI, considering the power load on the source walls. We give a short summary
and conclusions in section 2.6.

2.2 Experimental setup

2.2.1 Cascaded arc plasma source

A schematic of the cascaded arc is shown in Fig. 2.1. It consists of a cascade of 5
mm thick copper plates that are electrically insulated from each other. Vacuum
sealing and electrical insulation is accomplished by 1 mm thick heat resistant
boron-nitride (BN) spacers inside O-rings, mechanically stabilized by PVC spacers
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Anode/nozzle

Cathode (3x)

Gas inlet Cascade plates (5x)

PVC spacer

O-ring

BN spacer

Figure 2.1: Schematic of the configuration of the cascaded arc plasma source with
three cathodes. Five cascade plates are used. H2 gas is fed into the source at gas
flow rates of 0.2−10 slm. A current of 80−300A ionizes the gas. The water-cooled
segmented wall stabilizes the discharge. The discharge channel is 4− 7mm wide.
The nozzle/anode plate has a diameter of 6− 8.5mm.

outside the O-rings. The central holes of the plates together form the discharge
channel. The channel diameter was varied between 4 and 7 mm in the present
experiments. Three cathodes, made of thoriated tungsten, are inserted in a gas
chamber in front of the discharge channel. The cathode tips, heated to ∼ 3000K
by ion impact, emit electrons thermionically (i.e. by the thermal vibrational
energy of the electrons overcoming the restraining potential). The 2 mm thick
cathode tips are inserted at an angle of 45◦ into the cathode chamber. They are
each individually connected to one of the three power supplies. The discharge gas
is fed into the arc via the same chamber. The pressure in this region is typically
103 − 104 Pa during operation and depends on the channel diameter, gas flow
rate and discharge current. The last plate of the cascade serves as the nozzle as
well as the anode. It is made of a 75–25% tungsten-copper composite (Sparkal
X by Plansee) and electrically connected via the endplate to earth by a copper
spacer. The inner diameter of the anode is increased with respect to the discharge
channel. The sizes are listed in Table 2.1. Considering the thickness of the plates
and spacers and the alignment of the cathodes, the length of the discharge channel
is 33 mm (measured from the tip of the cathode to the front of the anode). All
components are water-cooled by approximately ∼ 5 l/min of water at 10 bar.
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Table 2.1: Details of the four four source configurations that were investigated.
Listed are the discharge channel diameter d and the inner diameter of the anode
plate dan. From the tip of the cathode to the beginning of the anode plate, all
sources are 33 mm long.

Config d (mm) dan (mm)
I 4 6
II 5 7.5
III 6 8
IV 7 8.5

2.2.2 Pilot-PSI and experimental procedures

The cascaded arc sources were tested in the linear plasma generator Pilot-PSI
(see Fig. 2.2). The device consists of a 1.2m long, 0.4m diameter vacuum vessel

Vacuum vessel

Gas bottle

Cascaded arc

~ 1 m

Thomson scattering

B


Magnet coils

Roots blower

40 cm

Current supply V

Mass flow 

controller

Optical emission 

spectroscopy

Figure 2.2: Overview of Pilot-PSI with source, vacuum vessel, pumps, coils and
target indicated. A cascaded arc exhausts hydrogen plasma into the vacuum
vessel. Five coils produce a magnetic field of up to 1.6T in the center of the
vessel to confine the plasma. TS at 4 cm from the source exit measures ne and Te

profiles. OES at a 15◦ angle to the experiment axis measures the axial velocity
of the plasma.

that is placed inside five coils. The maximum magnetic field strength is 1.6T at
the center of the vessel, but for the present research only fields up to 0.4 T were
used. The cascaded arc plasma source is placed on the magnetic field axis. Two
roots blowers (2×4000m3

/hr pumping speed) operate in parallel to maintain the
vessel pressure at 1 − 15Pa during operation (depending on the inlet gas flow).
The plasma is deposited on a water-cooled target at 56 cm downstream. The
target is at floating potential.

Discharges were started on argon at a flow rate of 2 slm by a high voltage pulse
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(700 V) and subsequently stabilized on 80 A total current by three DC current
supplies (Regatron TopCon Quadro TC.P.32.400.400.S, 32 kW, 100 A, 400 V). Af-
ter a few minutes, the gas composition was gradually changed from 100% argon
to 100% hydrogen. Subsequently, the operational settings were adjusted to the
desired values: a gas flow rate between 0.2 and 10 slm and a discharge current
between 60 and 300 A. This was followed by a magnetic field pulse of 0.2-0.4 T
for typically 30 seconds to allow for TS and OES measurements.

2.2.3 Diagnostics

The cathode voltages and currents delivered by the power supplies were recorded
with a PC-based data acquisition (DAQ) system operating at about 3 Hz to yield
IV-characteristics and input power. The same system recorded the reading of a
pressure gauge installed at the gas inlet of the cascaded arc (membrane gauge
PRAD D005.S70.C210, Baumer sensopress, 1-1000 mbar).

Electron density (ne) and temperature (Te) profiles were measured with TS
at about 4 cm from the source exit (Fig. 2.2). The frequency doubled output
of a Nd:YAG laser (532 nm, 3 ns, 0.5 J, 10 Hz) was passed vertically through the
vessel and focused in the center of the plasma. Scattered light was collected at a
scattering angle of 90◦ and relayed to a spectrometer with a bundle of 50 fibres.
For each measurement, light from 30 laser pulses was spectrally and spatially
resolved in a 1 m Littrow spectrometer, amplified by a Generation-III intensifier
and recorded with an ICCD camera. Electron densities were absolutely calibrated
by Rayleigh scattering on argon. The data were corrected for stray light and CCD
noise and fitted with a series of Gaussian distributions to yield spatial ne and Te

profiles. Details about the Thomson scattering setup at Pilot-PSI, including an
analysis of the observational errors, are described in [27].

The axial velocity of the plasma was determined with high resolution OES
on the Balmer-β (Hβ) line. Light emitted from the Hβ line was collected at a
15◦ angle from the axis of the experiment (Fig. 2.2). The light was relayed to a
2.25 m Littrow spectrometer with a fibre array, spatially and spectrally resolved
and recorded with a CCD camera. The Doppler shift of the center of the line
gives the axial velocity. We note that the measured Doppler shift represents an
average over the full width of the plasma beam and over several centimeters in
the axial direction. Furthermore, as the emissivity profile of the plasma beam in
these conditions is hollow [28], the slower edges of the beam contribute most to
the measured signal.

2.2.4 Data analysis & definitions

The voltage and pressure data that were recorded at 3 Hz with the DAQ system
were averaged over typically 10 seconds. The cathode voltage (Vcath) is the av-
erage voltage of the three cathodes. The source current (Iarc) is the sum of the
individual cathode currents. The input power was calculated by multiplying the
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source voltage with the source current:

Pin = IarcVcath. (2.3)

We note that the differences in current between the three cathodes were always
very small (< 1%).

In order to average out scatter in the measured ne and Te and to symmetrize
the profiles for cylindrical integration, we fitted all profiles with a profile of the
form

y = A

�
1− 1

1 + e(x−x1)/dx
− 1

1 + e−(x−x2)/dx

�
. (2.4)

dx is a measure of the slope of the side of the profile. An example of a ne and
Te profile measured with TS and the corresponding fit is shown in Fig. 2.3. The

Figure 2.3: Example of a typical fit of the electron density and temperature
profiles. The source diameter was 5 mm, the current 185 A, the H2 gas flow
rate 3.5 slm and the magnetic field 0.2 T. The shape of the measured profiles
are accurately reproduced by the fit. Figure 2.4 can be used to fit a variety of
different peaked profile shapes.

shape of the measured profiles are accurately reproduced by the fit. Equation
(2.4) can be used to fit a variety of peaked profile shapes. At the edges of the
beam the signal-to-noise ratio is too low to accurately determine ne and Te. Here,
the fits are used to extrapolate the profile out to a radius of 15 mm, where the
electron density is in all cases negligible. The peak ne and Te values presented in
this paper are the maxima of the fitted curves. The plasma profile width refers
to the full width at half maximum (FWHM) of the fitted ne profile. The fitted
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curves were integrated radially according to

N =
� 15 mm

0
ne,fit(r�)2πr

�
dr
�
, (2.5)

where r
� = r − r0 and r0 = (x1 + x2)/2 is the center of the ne profile.

2.3 Experimental results

2.3.1 Pressure measurements

The pressure at the gas inlet of the cascaded arc was measured as a function of
the inlet H2 flow between 0.2 and 10 slm for channel diameters between 4 and 7
mm. The discharge current was always 100 A and the magnetic field was 0.4 T.
Figure 2.4 shows the results. In the investigated range of gas fluxes and diameters,

Figure 2.4: Pressure in the cathode chamber as a function of the hydrogen flow
rate for channel diameters between 4 and 7 mm. For all measurements, the
discharge current was 100 A and the magnetic field 0.4 T. The pressure is seen to
increase with gas flow rate and decrease with the channel diameter.

the inlet pressure varies between 20 and 200 mbar. It increases non-linearly with
increasing gas flux and decreases with increasing channel diameter.

The pressure was also measured as a function of the input power. These results
are shown in Fig. 2.5 for channel diameters between 4 and 6 mm, a gas flow rate
of 3.5 slm and a magnetic field of 0.2 T. The data show a linear increase of the
pressure with the input power. The pressure at a given input power is again
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Figure 2.5: Pressure in the cathode chamber as a function of the total input power
for channel diameters between 4 and 6 mm. For all measurements, the gas flow
rate was 3.5 slm and the magnetic field 0.2 T. The pressure increases linearly with
Pin. The slope decreases with increasing channel diameter.

higher in narrower channels. For all diameters, the extrapolated pressure at zero
input power is non-zero and decreasing with increasing diameter.

2.3.2 I–V measurements

Figure 2.6 shows in detail the results of I–V measurements on a � 5 mm cascaded
arc at six different hydrogen gas flow rates (0.5 - 3.5 slm) and B = 0 T. The
operating voltage increases as a function of increasing gas flow rate. It is known
from literature (e.g. [29]) that H2 cascaded arc discharges have a negative slope in
their I–V characteristic, which flattens at high current. These results show that
in the investigated range of currents and flow rates, the I–V characteristics are
almost flat. At the highest flow rates (i.e. pressures), the I–V characteristic still
has a negative slope over the whole range of investigated currents. The average
slope decreases with decreasing flow rates. At the lowest two flow rates the data
even show a shallow minimum, suggesting that the current conduit does not widen
in these conditions.

In Fig. 2.7, the results of cathode voltage measurements are plotted as a func-
tion of inlet pressure for channel diameters between 4 and 7 mm. The discharge
current was always 100 A. The pressure was varied by changing the hydrogen gas
flow rate through the source. We see that for all channel diameters the voltage
increases linearly. For d = 5–7 mm, there is no diameter dependence. The operat-
ing voltage of the 4 mm arc is lower than that of the other arcs by about ∼ 10%.
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Figure 2.6: I–V characteristics of a � 5 mm cascaded arc at hydrogen gas flow
rates between 0.5 and 3.5 slm and B = 0 T. The I–V characteristics have a small
negative slope at high gas flow rates and a zero or slightly positive slope at the
lowest two gas flow rates.

Figure 2.7: Arc voltage as a function of inlet pressure for channel diameters
between 4 and 7 mm. The pressure was varied by changing the hydrogen gas
flow rate through the source. The discharge current was 100 A. It is seen that
the operating voltage increases linearly with pressure and is independent of the
channel diameter.



24 CHAPTER 2. EMPIRICAL SCALING LAWS FOR CASCADED ARC

In absolute terms, the voltage increases by 50% as the pressure is increased from
20 to 100 mbar. The black line is a linear fit through the 5, 6 and 7 mm data.

Figure 2.8 shows the influence of the inlet pressure on the arc voltage at a
higher input power. For these measurements, the arc current was adjusted such

Figure 2.8: Arc voltage as a function of cathode chamber pressure for a 5 mm
channel diameter. The pressure was varied by changing the hydrogen gas flow rate
through the source. As the gas flow rate increased, the arc current was adjusted
down, such that the total input power stayed constant at 22 kW. The voltage
increased by about 60% as the pressure increased fourfold.

that the total input power was constant at 22 kW. Concretely, as the gas flow
rate was increased, the current was decreased from 300 A to about 160 A to
compensate for the higher operating voltage. The voltage increased by about
60% as the pressure increased fourfold. The increase is approximately linear. The
slope is the same as the slope in Fig. 2.7. Due to the negative I–V characteristic
in this range of conditions, the absolute voltages are slightly lower.

Figure 2.9 shows the results of the measurements of the I–V characteristics
over the same range of currents, but now at a constant gas flow rate and for
channel diameters between 4 and 7 mm. Splines are drawn to guide the eye.
These results more clearly show the transition from a I–V characteristic with
a negative slope at low currents to one with a zero or positive slope at higher
currents. The operating voltage is lower for the larger channels. Comparing the
data of the different diameters at e.g. a current of 100 A, we observe that the
slope is zero for small diameters (high pressures) while it is negative for the large
diameters (low pressures).
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Figure 2.9: Arc voltage as a function of source current for channel diameters
between 4 and 7 mm. Gas flow rate was between 3.0 and 3.5 slm. Splines are
drawn to guide the eye. The data show that at the same gas flow rate and current,
the operating voltage decreases with increasing channel diameter. Furthermore,
the slope is negative at low currents and zero above approximately 100 A of
current.
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2.3.3 Thomson scattering measurements

We measured ne and Te profiles in a scan of the discharge current between 85 and
300 A for each source configuration. Figure 2.10 shows the profiles obtained for
the �5mm cascaded arc at a gas flow of 3.5 slm and B = 0.2T. We observe that

Figure 2.10: ne and Te profiles measured with Thomson scattering. Operational
parameters: � 5mm, I = 300A, B = 0.2 T, Φ = 3.5 slm.

the peak electron density increases with discharge current, whereas the width and
shape of the profile do not change. For the Te profiles, we observe the opposite:
the peak temperature increases only slightly from 1.4 to 2.0 eV, whereas the width
increases strongly. These trends are representative of the trends observed with
the other diameters.

Figure 2.11 summarizes the results obtained with channel diameters between 4
and 6 mm. The measurements were done at 3.5 slm and B = 0.2 T. The top graph
shows the peak density for each channel diameter. We observe that the peak ne
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Figure 2.11: Summary of plasma parameters measured with TS in a scan of the
source current and plotted as a function of input power. All values are peak values
of the fitted profiles.
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is linear with input power for all channel diameters. Extrapolating back to zero
density, the minimum input power for sustaining the discharge is approximately
5-10 kW. The densities of the 5 and 6 mm channels are relatively close together,
while that of the 4 mm arc is significantly lower. The center graph shows that
the peak electron temperature increases with increasing input power for d = 4
and 5 mm and decreases for d = 6 mm. Furthermore, we observe a clear diameter
dependence: Te increases with increasing d. The bottom graph indicates that the
width of the ne profile is constant and independent of the channel diameter. Only
the � 6 mm channel has a somewhat larger width at low input power.

All fits of the measured electron density profiles were radially integrated to
yield a measure for the total ion flux. In Fig. 2.12 we have plotted this integrated
density divided by the inlet H atom flux. Multiplying this quantity with the axial

Figure 2.12: The integrated density divided by the inlet H atom flux as a function
of input power for cascaded arcs with diameters between 4 and 6 mm. Multiplying
this quantity with the axial velocity of the plasma yields the gas efficiency. The
magnetic field was 0.2 T and the gas flow rate was in all cases 3.5 slm. The
increase is linear with the input power. The integrated density is lower for d = 4
mm than for d = 5, 6 mm.

velocity yields the gas efficiency of the source (plus eventual extra ionization in
the first 4 cm of the plasma jet due to post-heating). For all diameters, N/Γin

H

increases linearly with input power. There is no dependence on the channel di-
ameter for d = 5, 6 mm, but for d = 4 mm the slope of the integrated density is
significantly smaller.

Thomson scattering measurements were also performed as a function of the
gas flow rate through the source. These were performed for d = 4–7 mm at a
current of 100 A and a magnetic field of 0.4 T. The ne profiles measured in the gas



2.3. EXPERIMENTAL RESULTS 29

flow scan were subjected to the same analysis as above. The integrated densities
divided by the inlet H-atom flux are shown as a function of hydrogen gas flow
rate in Fig. 2.13. All channel diameters exhibit a decreasing trend as a function

Figure 2.13: Integrated electron density divided by the inlet H atom flux as
a function of gas flow rate for channel diameters between 4 and 7 mm. The
discharge current was 100 A and the magnetic field 0.4 T. The black line is a
power law fit of all data, giving a dependence of N/Γin

H
∝ Φ−0.65. There is no

dependence on the channel diameter.

of Φ. There is no dependence on the diameter of the discharge channel. Fitting
all these data with a power law gives a dependence of the integrated density on
the hydrogen flow rate of N/Γin

H
∝ Φ−0.65.

2.3.4 Measurements of the axial velocity

The results in section 2.3.3 can not be converted into absolute numbers such as
the gas efficiency or ion flux without knowing the convective axial velocity of the
plasma. The axial velocity was however not measured in all conditions. In order
to put an estimate of the gas efficiency to the data in figures 2.12 and 2.13 and
to calibrate the estimated gas efficiency from the I–V measurements (see below),
we have performed measurements of the axial velocity with OES in one set of
operating conditions. In Fig. 2.14 we have plotted the measured axial velocity as
a function of distance from the source exit. These measurements were done with a
4 mm source at I = 80A, Φ = 2.5 slm and B = 0.4T. The axial velocity decreases
as a function of distance from ∼ 4.5 km/s at z = 2mm to ∼ 2 km/s at z = 9 cm.
The TS measurements are done at z = 4 cm. Here, the axial velocity is just over
3 km/s. As indicated in section 2.2, the measured velocity is a line-average over
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Figure 2.14: Axial velocity as a function of distance from the source exit, derived
from the Doppler shift of the Hβ line. Operational conditions were: d = 4mm,
I = 80 A, Φ = 2.5 slm and B = 0.4T.

the full width of the plasma beam and several centimeters in the axial direction.
Furthermore, most of the light is emitted from the slower edges of the beam. The
values given here are expected to be a lower limit.

2.4 Analysis and interpretation

2.4.1 Poiseuille flow and estimation of heavy particle tem-
perature from pressure measurements

Laminar flow of an incompressible fluid through a cylindrical tube is given by [30]

Q =
πd

4
ρ∆p

128ηL
, (2.6)

where Q is the mass flow, d is the diameter, ρ the mass density, ∆p the pressure
drop, η the dynamic viscosity of the fluid and L the length of the tube. This
is known as Poiseuille flow. A viscous perfect gas flowing isothermally may be
considered incompressible over a short section of the tube. For such a gas, we
find for an infinitesimally small section

dp

dz
=

128ηkBTΓ
πd4p

, (2.7)

where we have used the definition Q = mΓ and the equation of state ρ = mp/kBT .
If we integrate this over the length of the channel and assume that p

2
out

is negli-
gible, we calculate that the inlet pressure as a function of gas flow and channel
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diameter is

pin =
�

256LηkBT

π

√
Γ

d2
. (2.8)

To test whether we have indeed Poiseuille flow, we have plotted the data from
Fig. 2.4 as a function of Γ0.5

d
−2 in Fig. 2.15. The linear dependence observed in

Figure 2.15: Pressure in the cathode chamber as a function of the square root of
the inlet H flux, normalized to d

2, for channel diameters between 4 and 7 mm.
Data are taken from Fig. 2.4. For all measurements, the discharge current was 100
A and the magnetic field 0.4 T. The hydrogen gas flow rate was varied between
0.2 and 10 slm.

this graph demonstrates that the flow inside the arc channel is compatible with
the description of a laminar flow.

As shown in Fig. 2.5, the pressure is also dependent on the input power in
the source. In Fig. 2.16 we have normalized the measured pressure data from
Fig. 2.5 to Γ0.5

d
−2 and plotted the result as a function of input power to see just

this effect. Again, we observe a linear dependence, indicating that the effective
viscosity varies as a function of input power. Furthermore, there is no dependence
of the normalized pressure on the channel diameter.

The effective viscosity is a measure of the average heavy particle temperature
in the discharge channel. From Eq. (2.8) and the measured data, we can calculate
the quantity ηT . For the data in Fig. 2.15, ηT ≈ 0.3−0.4 kgKm−1s−1. Comparing
these values to those from literature [31], we find that this is compatible with a
heavy particle temperature of Th ≈ 0.6− 1.0 eV.
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Figure 2.16: Pressure in the cathode chamber, normalized to the square root of
the gas flow and the cross-sectional channel area as a function of the total input
power for channel diameters between 4 and 6 mm. Data are taken from Fig. 2.5.
For all measurements, the gas flow rate was 3.5 slm and the magnetic field 0.2 T.

2.4.2 A one parameter model for the cascaded arc efficiency

As indicated in section 2.1, the input power is deposited into the cascaded arc
through Ohmic dissipation in a narrow current conduit. This power is divided
between dissociation and ionization of the hydrogen gas, conductive heat losses to
the channel wall, radiation losses from the source and heating of the unionized gas.
Based on the I–V data presented in section 2.3 and a few simplifying assumptions,
we formulate an empirical one parameter model for the cascaded arc operation
that allows us to identify the dominant loss mechanism in the discharge channel.

The main assumption we make is that the central temperature is independent
of the input power (but via Eq. (2.2) dependent on the pressure). The physics
basis for this assumption is that the average ionization degree over the volume of
the discharge channel is fairly low. Therefore, an increase in temperature leads
to a strong increase in ionization degree and hence requires a large amount of
energy. Only when the ionization degree approaches 100% will the temperature
significantly increase. In [32] this has been verified experimentally for a flowing
argon arc. If the central temperature is constant, the conductivity Eq. (2.1) is
constant and hence the arc conductance is only determined by the width and
shape of the temperature profile. As we are only interested in global trends, we
characterize the profile by a single parameter representing its width and assume
a generic profile shape. Since it is not very important for the model what the
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exact shape is, we choose the simplest possible one: a top-hat with constant
temperature out to a radius reff and Te = 0 outside this radius. For convenience,
we introduce the filling fraction

ρ =
reff

rch

, (2.9)

where rch is the radius of the discharge channel. We assume that the velocity
profile at the source exit is flat and hence that the ion flux from the source is
given by

Γout

H+ = ρ
2
αΓin

H
, (2.10)

where α is the ionization degree within reff . The gas efficiency is then by definition
equal to ρ

2
α. The only unknown at this point is the ionization degree. This can

be estimated from the experimental data, as will be done in the next section.
The filling fraction at which the source operates (and hence the arc conduc-

tance) is determined by a balance between the input power and the power losses
in the arc. Therefore, we write the input power and possible loss mechanisms as
a function of ρ. Experimentally, the cascaded arc is operated at constant current.
As a function of ρ the total input power becomes

Pin = I
2
R =

I
2
L

σplπρ2r2
ch

. (2.11)

Figure 2.17 shows the strong Pin ∼ ρ
−2 behavior. Regardless of the exact loss

mechanisms, the power losses are likely to increase with the filling fraction. Given
a certain current, the arc operates at that ρ where the curve of Pin intersects with
that of Ploss. If the current is increased, the whole curve of Pin is raised, leading
to a larger filling fraction. In accordance with the assumptions made here, Fig.
2.10 shows that the central electron temperature measured at z = 4 cm does not
vary much, and that the width of the temperature profile increases with input
power. We note that this is not a proof of these assumptions, because processes
in the first 4 cm of the plasma beam might have influenced the temperature profile
(such as plasma expansion, Ohmic heating [14], viscous ion heating [28]).

Figure 2.17 also explains the stable operation of the cascaded arc: if (e.g.
due to a fluctuation) the dissipated power becomes larger than what is required
to sustain the discharge, the current channel widens, which in turn immediately
lowers Pin. Conversely, if the total power falls short, the current channel contracts,
forcing the power supplies to operate at a higher voltage and hence increasing the
input power again. Figure 2.17 also shows the dependence on ρ of several possible
loss mechanisms. These are:

1. volume losses from the hot current conduit, e.g. losses on volume recombi-
nation or on radiation from an optically thin medium. These losses scale
as

P
vol

loss
∝ ρ

2
r
2
ch

. (2.12)

We note that these might also be dependent on e.g. the pressure.
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Figure 2.17: A qualitative picture showing the stabilization mechanism of the
cascaded arc according to the one parameter model. At a given current, the source
operates at that filling fraction where the input power (solid line) is equal to the
dominant power loss mechanism. Volume losses (dashed line, scaling with r

2
eff)

and conductive losses (dashed-dotted line, scaling with ln(ρ)−1) are indicated.

2. losses by radial heat conduction to the cooled channel walls through the
layer surrounding the current conduit. This scales as

P
cond

loss
∝ ln(ρ)−1

. (2.13)

This dependence leads to large losses mainly when ρ approaches unity.

In section 2.4.3 we evaluate how ρ scales as a function of Pin, p and rch to
determine what type of losses are dominant.

To calculate the absolute value of the filling fraction, the average conductivity
of the channel is compared to the conductivity of the hot plasma core:

ρ =

�
σ̄

σpl

. (2.14)

The σpl is dependent the central temperature according to Eq. (2.1) and this is in
turn dependent on the pressure according to Eq. (2.2). The calculated electron
temperature is plotted in Fig. 2.18 for the range of pressures relevant to our setup.
In the range of interest, the temperature varies fairly slowly with pressure. It’s
value is T̂e ≈ 1.5− 2.0 eV in the relevant pressure range, making the conductivity
σpl ≈ 6−9 ·103 Ω−1m−1. From the measured I–V data and the channel geometry,
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Figure 2.18: Temperature as function of the pressure in the discharge channel as
calculated from charged particle balance in the source. Heavy particle tempera-
ture Th ≈ 0.8 eV is estimated from the viscosity measurements.

the filling fraction is calculated with

ρ =

�
σ̄

σpl

=
�

IL

πr
2
ch

V σpl

�1/2

. (2.15)

2.4.3 Estimation of the plasma production from I–V mea-
surements

According to the method described in the previous section, we have plotted in
Fig. 2.19 ρ

2 as a function of input power, using the data of Fig. 2.6. The figure
shows a number of interesting aspects. First, for gas flow rates between 1.5 and
3.5 slm, the linear fits show that ρ

2 scales linearly with the input power. From
these data (taken with one diameter), we conclude that the dominant loss process
inside the arc channel is one scaling with the volume of the current conduit. At
the lowest gas flow rates of Φ = 1.0 and 0.5 slm, the dependence deviates slightly
from linear. For these gas flow rates, the lines through the data points are splines
drawn by hand. For these Φ, the slope decreases slightly with increasing input
power. Second, at a given input power, the current conduit widens as the gas
flow rate decreases. This indicates that the power losses (sketched in Fig. 2.17)
become smaller if the pressure in the arc channel decreases. Third, extrapolating
back to zero filling of the channel (i.e. source extinction), we see that there is a
minimum power of ∼ 3 kW required to sustain the discharge. This power P0 is
not dependent on the gas flow rate. Finally, at 0.5 and 1.0 slm and high powers,
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Figure 2.19: The filling factor squared as a function of the input power. All data
obtained with a � 5 mm cascaded arc. Data show linear dependence on all but the
lowest two gas flow rates. This indicates that volume losses are dominant inside
the arc channel. For Φ = 1.5−3.5 slm, the lines are linear fits, for Φ = 0.5−1.0 slm
they are drawn by hand.

ρ actually exceeds 1. By definition, ρ cannot exceed 1, so in these conditions the
used model is not expected to be valid anymore. Specifically, the assumption of
a fixed electron temperature will not hold when ρ approaches 1. In Fig. 2.6 we
observe that in these conditions the I–V characteristic again gets a positive slope,
suggesting that the current conduit does not widen any further. Together with
Te, the ionization degree in the center is expected to rise as ρ approaches 1.

A possible interpretation for the volume losses being dominant can be found in
the fact that the electron temperature is higher than the heavy particle temper-
ature. The electrons, heated Ohmically to ∼ 1.7 eV, transfer thermal energy to
the heavy particles through (Coulomb) collisions. The power balance described
in section 2.4.2 concerns the electrons. From this perspective, the transfer of
thermal energy to the heavy particles is considered a power loss. The conductive
losses in the radial direction are determined by the radial temperature profile of
the heavy particles. Despite the relatively large thermal conductivity of hydrogen
[31], these losses are apparently not dominant in this range of conditions. This
interpretation is consistent with the observation that the filling of the channel
becomes larger at lower pressures. At lower pressures/densities, less atoms and
ions are present to transfer the thermal energy to.

To estimate the ionization degree to be used in Eq. (2.10), we calculate the
total ion flux from the TS and OES results. The only set of conditions for which
the axial velocity was measured is d = 4 mm, Φ = 2.5 slm, I = 100 A and
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B = 0.4T, leading to an input power of Pin = 12.5 kW. From Fig. 2.12, we see
that at this input power, N/Γin

H
= 8 ·10−6 s/m. Multiplying this with vz = 3 km/s

gives a gas efficiency of 2.5% and a total ion flux of Γout

H+ = 6 · 1019 s−1. From
Fig. 2.19 we see that in these conditions ρ

2 = 0.25. Given the known inlet gas
flux, we find from Eq. (2.10) that the ionization degree in the center is 0.1. To
compare Fig. 2.12 with Fig. 2.19, an assumption has to be made on the scaling
of the plasma velocity at the TS location. As it is expected that the plasma exits
the source at sound speed cs [33] (which depends only on Te), the velocity at the
source exit is independent of Pin. Assuming that the decrease in velocity between
the source exit and z = 4 cm is always approximately the same, the velocity at
the TS location will not differ largely from the measured value. Consequently,
Fig. 2.12 implies that the ion flux is linearly dependent on the input power.
Given that under these assumptions, both Γout

H+ and ρ
2 are linearly dependent on

Pin, the ionization degree must be independent of Pin. We will therefore use a
constant value of 0.1 for α.

In Fig. 2.20 we have plotted the flux as calculated from the data in figures
2.6, 2.7 and 2.9 as a function of Pin

�
Γin

H
. The black line is a linear fit of all data.

Figure 2.20: The flux as calculated from the I–V data of Fig. 2.6, 2.7 and Fig.
2.9 as a function of Pin ·

�
Γin

H
, showing a clear linear dependence.

From this figure, we conclude:

1. The ion flux from a hydrogen cascaded arc in the investigated range of
conditions scales as

Γout

H+ = 1.2 · 105(Pin

�
Γin

H
)− 9 · 1018

. (2.16)
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2. At a given input power and gas flow rate, the plasma production is inde-
pendent of the channel diameter.

3. The gas efficiency γ = Γout

H+/Γin

H
scales as

γ ∝ Pin(Γin

H
)−0.5

. (2.17)

The second conclusion implies that if at a given input power and gas flow rate
the channel diameter is increased, the filling fraction will in fact not change (see
Eq. (2.10)). This means that the volume πr

2
effL increases with d

2. At the same
time, according to Eq. (2.8), the pressure decreases with d

−2. The total number
of particles in the current conduit thus remains the same. Consistent with the
interpretation given above, this number of particles sets the power loss. The third
conclusion is in reasonable agreement with the TS results of Fig. 2.13 that showed
a dependence on the gas flow rate of Φ−0.65.

The dependence of the ion flux on the square root of the flow rate is confirmed
by the results in Fig. 2.21, where the ion flux at constant input power is plotted
as a function of gas flow rate for the data presented in Fig. 2.8. The input power

Figure 2.21: The plasma production (determined from the I–V data) at a constant
input power plotted as a function of the hydrogen flow rate. The channel diameter
was 5 mm and the input power was 22 kW.

was kept constant by adjusting the source current to the voltage change due to the
increased pressure. The data were fitted with a power law, giving a dependence
of Γout

H+ ∝ Φ0.57, which is close to 0.5.
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2.5 Discussion

2.5.1 Comparison between arc measurements and measure-
ments downstream

In this work, the magnetic field during the TS and OES measurements was kept
below 0.4 T to minimize extra power dissipation and plasma production in the
nozzle region by the mechanism described in [14]. Even at this value of the mag-
netic field, however, the effect is not negligible. Due to the extended current path,
the discharge voltage at a given current (and hence the input power) increases
when the magnetic field is switched on. To estimate the degree to which the power
deposition is determined by nozzle effects, we compare the input power during
the magnetic field pulse to that at B = 0 T. Dividing the difference between these
two by the input power during the field pulse shows that at 0.4 T and nozzle
diameters about 2 mm larger than the channel, about 25% of the input power is
dissipated in the nozzle region outside the source channel. This number does not
depend strongly on the exact experimental conditions. To what extend this extra
power dissipation influences the plasma production will be the subject of future
work. However, extrapolating the results in fig. 4 of [14] back to zero B-field
suggests that the difference in plasma production between B = 0.4 T and B = 0
T is also of the order of 25%.

This effect, together with viscous ion heating [28], MAR [21, 22] and not having
velocity data for all experimental conditions introduces some uncertainties in the
comparison between the estimated fluxes from the I–V measurements and the
results in Fig. 2.12 and Fig. 2.13. However, the trends predicted by the I–V
measurements are well reproduced by the TS measurements. Furthermore, the
main conclusions are based on the scaling that results from the analysis of the
I–V data, which does not depend on these uncertainties.

2.5.2 Extrapolation to larger sources

As explained in section 2.1, we need to improve the output flux by a factor
of 10 relative to Pin = 12 kW and Φ = 2.5 slm to a total flux of 6 · 1020 s−1.
Extrapolating the results of Fig. 2.20 to this flux gives the condition

Pin

�
Γin

H
≥ 5 · 1015 Ws−1/2

. (2.18)

The operational parameters for which this condition is not met are indicated by
the left shaded area in Fig. 2.22. The minimum required gas flow rate decreases
quadratically as a function of the input power.

Another issue to consider is that the model is not expected to remain valid
as the filling fraction ρ approaches unity. Using Eq. (2.10) the scaling of the ion
flux found in Eq. (2.16) is turned into an expression for ρ. Taking ρ = 0.9 as
the maximum filling fraction for which our analysis is to hold, an equation in Pin
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Figure 2.22: Determination of the operational range for a high power cascaded
arc. The curve with negative slope is determined from the minimum required
flux for the Magnum-PSI experiment. The other curve is determined from the
condition ρ ≤ 0.9.
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and Γin

H
is formulated. The solution of this equation is also plotted in Fig. 2.22.

The shaded area at low gas flow rates and high input powers, indicates where the
model will not hold. Optimizing to a minimal gas flow rate, Fig. 2.22 shows that
the flux-requirement can be met with an input power of 65 kW and a gas flow
rate of 7 slm.

One more important factor in scaling to higher powers is the heat load on the
channel walls. Numerical analysis of the thermal stresses in the cascade plates
show that with sufficient cooling of the plates, the maximum power load on the
walls is Qmax ≈ 10MW/m2. Assuming that most of the input power goes to the
channel wall (surface area Swall), the wall load is estimated with

Qwall =
Pin

Swall

=
Pin

2πrchL
. (2.19)

The maximum wall load Qmax now sets the minimum channel radius at a given
input power. Using a source with the same length-to-radius ratio as the current
sources, L ≈ 10rch, the minimum diameter becomes

rmin =

�
Pin

20πQmax

. (2.20)

At Pin = 65 kW, the minimal radius of the source is 1 cm.
Without magnetic field, the gas efficiency will according to the scaling Eq.

(2.17) be ∼ 9%. To calculate the energy efficiency, we take for the average energy
per electron-ion pair

E =
1
2
Ediss + Eion +

1
2
miv

2
a

+
5
2
kB [Te + Ti]

≈ [16 + 5T̂e] eV, (2.21)

where we have assumed for this approximation Ti = Te. Ediss = 4.5 eV is the
dissociation energy of a H2 molecule and Eion = 13.6 eV is the ionization energy
of atomic hydrogen. Taking T̂e ≈ 2 eV, the total power in the plasma beam is
Γout

H+E ≈ 2.5 kW. At Pin = 65 kW, this implies an energy efficiency of 4%.

2.6 Summary and conclusions

Cascaded arc plasma sources with discharge channel diameters between 4 and 7
mm were experimentally investigated as a function of the operational parameters.
Pressure measurements showed that the flow through the channel is consistent
with laminar flow. Thomson scattering measurements showed the electron density
at 4 cm from the source exit increasing linearly with input power. The measured
I–V characteristics were analyzed in terms of a model with the effective filling of
the discharge channel as the most important parameter. The main assumption
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that went into the model is that the electron temperature in the center of the
discharge channel depends on the pressure, but not on the input power. This
analysis showed that the dominant power loss mechanism inside the source is
one that scales with the effective volume of the plasma in the discharge channel.
The ion flux was estimated from the filling fraction by ρ

2
αΓin

H
. The ionization

degree in the center of the channel α was determined from a comparison between
the I–V data and the estimated absolute flux from TS and OES measurements
and assumed to be constant. This analysis showed that the ion flux scales with
the operational parameters as Pin(Γin

H
)0.5 and the gas efficiency as Pin(Γin

H
)−0.5.

Given an input power and gas flow rate, the plasma production is independent of
the channel diameter. Extrapolation of the data showed that a tenfold increase
in flux is possible with a 2 cm diameter source at 65 kW input power, leading to
an estimated gas efficiency of 9% and an energy efficiency of 4%. Future work
will include the verification of the predicted fluxes at higher input powers with
a combination of TS measurements, a better determination of the axial velocity
and ion saturation current measurements.



Chapter 3

Experimental and
theoretical determination of
the efficiency of a
sub-atmospheric flowing
high power cascaded arc
hydrogen plasma source

Based on: Plasma Sources Science and Technology 19, 065016, (2010)
Abstract
Cascaded arc plasma sources with channel diameters between 4 and 8 mm were
experimentally investigated at discharge currents up to 900 A and hydrogen (H2)
flow rates up to 10 slm. Pressure measurements at the arc exit showed that the
heavy particle temperature in the discharge channel is about 0.8 eV. The electron
temperature was calculated from the electron mass balance, taking into account
electron losses due to ambipolar diffusion and convection out of the source channel.
This calculation showed that the electron temperature is 1.5 − 4 eV, increasing
with decreasing density in the channel (i.e. with decreasing H2 flow rate and
increasing diameter). Results of Thomson scattering measurements at 1 and 5
cm distance from the source exit showed the same trends. Using measurements of
the average axial electric field, the effective size of the current-carrying “active”
plasma was calculated, expressed in terms of the filling fraction ρ

2 = (reff/R)2.
The data show that the filling fraction increases linearly with the input power and
is independent of the diameter and flow rate. The ionization degree in the active
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center was estimated to be 20 to 30% from an evaluation of the electron energy
balance, Thomson scattering measurements and Hβ emission measurements. The
highest gas efficiency was obtained when the channel was completely filled at the
maximum current of 900 A (65 kW input power, 8 mm channel, 4 slm flow rate)
and was 19%. The highest energy efficiency was 7%.

3.1 Introduction

3.1.1 Motivation

Research into the interaction of the plasma in future fusion reactors with their
walls [19] as well as (industrial) applications such as spraying, cutting, melting,
etching, depositing [34] require plasma sources that can deliver very high plasma
fluxes at low plasma temperatures. Our plasma-surface interaction experiment
[20] uses the cascaded arc, a flowing high pressure arc discharge. In this pa-
per, we determine - by a combination of experiments and calculations - the main
plasma parameters in the arc channel as a function of the operational parameters
and investigate the physical processes that determine these parameters to sup-
port a further optimization of the cascaded arc plasma source. The main plasma
parameters are the heavy particle temperature T̂h (i.e. the temperature of the
hydrogen ions, atoms and molecules, the hat indicating eV), the electron temper-
ature T̂e and the ionization degree α = ne/(ne + n0) (ne the electron density and
n0 the neutral density) in the center of the discharge channel.

In earlier work (chapter 2), we determined the empirical scaling of the op-
eration and output of the cascaded arc as a function of the main operational
parameters: the input power Pin up to 45 kW, the molecular hydrogen flow rate
Φ up to 6 slm (H2 flux ΓH2 up to 2.7 · 1021 s−1) and the discharge channel di-
ameter d = 2R up to 6 mm. As in earlier literature on wall-stabilized argon [35]
and nitrogen [23] arcs, the plasma was described in terms of a current-carrying
hot “active” center, surrounded by a cooler non-conducting “passive” periphery.
The main scaling parameter in chapter 2 was the filling fraction ρ

2 = (reff/R)2,
which is a measure of the effective volume of the active center. With a T̂e of
approximately 1.7 eV taken from literature, the filling fraction empirically scaled
linearly with the input power. The filling fraction reached its maximum value of
one at the edge of the investigated operational regime (∼45 kW). For this paper,
the previous dataset was extended to higher discharge currents (up to 900 A) and
input powers (up to 80 kW) to determine what happens beyond maximum filling.
A new evaluation of T̂e in the discharge channel was triggered by the fact that
even at these much larger input powers, the observed trend with Pin remained
unchanged. To estimate the total plasma production in chapter 2, α in the active
center was assumed to be 10%. The goal for the current research was to deter-
mine both the plasma temperature and the ionization degree in the active center
of the arc channel and combine these values with experimental data to estimate
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the efficiency of the hydrogen cascaded arc.

3.1.2 Background

Earlier work [24, 1] demonstrated that at the same current, flow rate and diameter,
hydrogen operation of a cascaded arc requires a larger input power than e.g.
argon, while the plasma output is smaller. Furthermore, the current channel in a
hydrogen discharge was found to be very constricted (chapter 2). This small size
of the active plasma leads to a low efficiency.

The active plasma size is determined by particle and energy transport and
(molecular) chemistry. As an illustration, Fig. 3.1 shows a cartoon of the most im-
portant particle processes on the left and the energy transport in a wall-stabilized
arc plasma on the right. This scheme was qualitatively described for hydrogen










 























 














 

 

   

 

 





   


   

   
  

 

 

   

 

 





   


   

   
  

 

Figure 3.1: Cartoon of the most important particle processes (left) and energy
transport mechanisms (right) in a flowing, wall-stabilized hydrogen arc plasma.

plasmas in [35]. The input power heats the electrons resistively, which trans-
fer part of that energy to the heavy particles by elastic and inelastic collisions
(i.e. heating and ionization). Energy is lost to the channel walls via electron
and heavy particle heat conduction, radiation, and (ambipolar) diffusion of the
electrons and ions (carrying internal energy). The flowing plasma carries energy
out of the source by convection. Both diffusion and convection take place faster
in hydrogen than in other plasmas due to its low mass. For the same reason, the
thermal conductivity of hydrogen is quite large (a factor 4-10 higher than that
of argon [36, 31]). In [37] the relative importance of the energy transport mech-
anisms was investigated for argon along similar lines to Fig. 3.1. The properties
of hydrogen plasmas described above imply that these ratios will be different in
hydrogen plasmas.

Molecular partly ionized hydrogen plasmas experience larger volume recombi-
nation rates than atomic plasmas due to molecular processes. Figure 3.1 shows
on the left how Molecular Assisted Recombination (MAR) [22, 21] occurs in a
wall-stabilized hydrogen plasma. H+ ions created by hot electrons (1) undergo
charge-exchange reactions with ro-vibrationally excited molecules (2), created in
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association reactions on the channel wall (3). Reaction (2) is the rate-determining
step. If the molecule is vibrationally excited to a state with v ≥ 4, this reaction
is very fast (rate constant of kCX = 3 − 5 · 10−15 m3s−1). The H+

2 ions then
dissociatively recombine into a ground state H and an H(n ≥ 2) (4) (with a rate
of kDR = 5−7 ·10−14 m3s−1). The excited atom will either radiate to the ground
state (6) if the electron density is below ∼ 5 · 1019 m−3 [28] or be re-ionized (5) if
the density is higher than that. Effectively, ions will thus be lost at a high rate
when the density falls below ne ≈ 5 · 1019 m−3 (α of the order of 1%), i.e. close to
the channel wall. The overall reaction rate also decreases at electron temperatures
higher than 1.5 eV, due to destruction of H+

2 ions before (4) can take place [38]. A
similar reaction chain exists that is mediated by negative ions [38]. The destruc-
tion of ions in the passive wall layer determines in part the effective plasma radius
reff . In summary, hydrogen plasmas suffer from large volume recombination rates
at low temperature and density.

3.1.3 Method

The following method was used to determine the plasma temperatures T̂h and T̂e,
the filling fraction ρ

2 and the ionization degree α in the active center from global
measurements of the pressure, input power and the electric field (i.e. arc current
and voltage). The plasma was assumed to exit the source at sound speed [33, 39].
This sets the local density, since the total gas flux is known. A pressure measure-
ment at the exit of the channel provides a measure of T̂h. This temperature was
assumed to be constant. Pressure measurements in the cathode chamber (avail-
able for all conditions) were used to determine the local density at the channel
entrance. Characteristic ion loss times due to ambipolar diffusion and convection
were calculated from the average neutral density. The electron particle balance
was then used to calculate T̂e.

The average axial electric field in the arc channel Ez was measured at dis-
charge currents up to 900 A, hydrogen flow rates up to 10 slm and for arc channel
diameters between 4 and 8 mm. With the central resistivity calculated from T̂e,
Ez gives an effective filling of the discharge channel with active plasma (i.e. ρ

2).
The electron energy lost by electron-ion energy transfer, electron heat conduc-
tion, particle losses and radiation was calculated, summed and compared with
the power density in the active arc center to determine the ionization degree α.
This was compared with TS measurements of ne at 1 cm distance from the source
channel (using a 5 mm source). These measurements required a magnetic field of
0.1 T to prevent large recombination losses after exiting the source. The distance
between the source and the TS measurement was decreased from the usual 5 cm
to allow using lower fields and thereby minimizing effects of the magnetic field.
TS measurements were also performed with different diameter sources at 5 cm
distance in a field of 0.2 T. Finally, high resolution optical emission spectroscopy
was performed on light emitted from the arc channel. From the Stark broaden-
ing of the Balmer-β line the electron density was determined and from this the
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ionization degree was estimated.
The gas efficiency of the source was estimated from the determined ρ

2, α and
input H atom flux. The total estimated ion flux was multiplied with the energy
per electron-ion pair (including dissociation, ionization and thermal energy) and
divided by the input power to estimate the energy efficiency of the source.

3.2 Experimental setup

Figure 3.2 shows a diagram of the cascaded arc plasma source. It consists of

Anode/nozzle

Cathode (3x)

Gas inlet Cascade plates (5x)

PVC spacer

O-ring

BN spacer

Inlet Exit

Cascade plates (5x)

Figure 3.2: A schematic of the cascaded arc source. The copper plates are 5-6
mm thick, have a bore between 4 and 8 mm and are electrically isolated from each
other with boron nitride (BN) spacers. The nozzle is a 75-25% tungsten-copper
composite plate with a bore that is typically 1.5 mm wider than the straight
discharge channel.

a stack of five 5-6 mm thick copper plates with a central bore of 4 to 8 mm
diameter. The plates are electrically isolated from each other by 1 mm thick
boron-nitride spacers inside O-rings and mechanically stabilized by PVC spacers
outside the O-rings. The nozzle is a 75-25% tungsten-copper composite plate
with a bore that is typically 1.5 mm large than that of the straight discharge
channel. At the channel inlet, either three 2 mm thick cathodes or a single 6.4
mm thick lanthanized tungsten cathode emit the electron current thermionically.
All parts are water-cooled by a high pressure water-cooling system (15 bar inlet,
5 bar outlet pressure, ∼10 liters per minute). We define the inlet and exit of the
discharge channel as the planes indicated by the arrows in Fig. 3.2. The flow
rate should be sufficient to ensure that the inlet pressure stays above ∼50 mbar.
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At lower pressures, operation is found to be unstable and cathodes suffer from
increased erosion rates.

All measurements were performed on the linear plasma generator Pilot-PSI
(Fig. 3.3), in which the cascaded arc is combined with a strong magnetic field to
create intense magnetized plasma beams. For details on the experimental setup,

2.25 m Littrow spectrometer

Fibre array

CCD camera

Vacuum vessel

Cascaded arc

Thomson scattering

B


Magnet coils

Roots blower

40 cm

Optical emission 

spectroscopy

Figure 3.3: Cartoon of the linear plasma generator Pilot-PSI, which was used
for all experiments. It features a Thomson scattering setup for measuring elec-
tron density and temperature profiles and a high resolution spectrometer for Hβ

emission measurements at the entrance of the arc channel.

see [40, 14, 1, 20]. Ez was calculated by dividing the measured cathode voltage
(relative to the grounded anode) by the distance between the cathode and the
anode. The inlet pressure was measured with a Baumer sensopress membrane
gauge in the gas feed line. The pressure at the channel exit was measured with
a pressure transducer connected to the discharge channel through a 1 mm wide
channel in the anode and a groove in the boron-nitride spacer separating it from
the last cascade plate. The pressure in the vacuum vessel is set by the gas flow rate
through the source. It varies between typically 2 Pa at 1 slm to about 15 Pa at 10
slm and depends only weakly on the input power. Temperature (thermocouple)
and water flow measurements were used to determine the power dissipated to the
cooling water of the various source components and subsequently summed.

Pilot-PSI is equipped with a TS system that simultaneously measures lateral
electron density and temperature profiles at 5 cm distance from the source exit.
Details on the setup and calibration procedure of this system can be found in [27].
The source was moved 4 cm closer to the TS laser beamline and the backplate
was changed to a thinner one that doubles as an anode for the measurements at 1
cm distance. A minimal field 0.1 T was required to measure the electron density
at 1 cm in the investigated conditions. Density profiles were fitted with a double
Boltzmann function and radially integrated (see chapter 2).

The electron density in the channel was measured by high resolution optical
emission spectroscopy on the Hβ line. Light emitted from the discharge channel
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through a window in the cathode chamber was collected with an F = 50 cm
lens, focused onto a fibre array, relayed to a 2.25 m spectrometer in the Littrow
configuration and recorded with a 2048 by 2048 pixel CCD camera (see Fig. 3.3).
The recorded Hβ line shape in the center of the channel was fitted with a Voigt
profile to take into account Stark broadening and Doppler broadening and the
Stark width was used to determine the density. Details on the diagnostic setup
and the fitting procedure have been described in [28].

3.3 Plasma temperatures in active arc center

3.3.1 Heavy particle temperature in active arc center

It is known from literature that close to the boundary plane between a high
and low pressure region, a compressible fluid flows at sound speed [33]. This is
supported by both numerical modelling [41, 42, 43] (for argon) and experimental
data [42, 39, 44] (for argon, nitrogen and hydrogen). The sound speed depends
on the heavy particle temperature and is for fully dissociated hydrogen plasma
given by

cs =
�

γkBTh

Mi

= 1.26 · 104

�
T̂h m/s. (3.7)

Here we have used γ = 5/3 because in our conditions the gas is expected to
be highly dissociated [45] and any remaining molecules at the channel exit are
only weakly coupled to the atomic hydrogen and expand independently (see also
[44]). The reason for the assumption of a high dissociation degree is the large rate
coefficient of 5 ·10−15 m3s−1 at 1 eV [46] for the CX reaction (2) in Fig. 3.1. This
reaction is rate-determining for dissociation as well. With a thermal velocity for
molecules at 1 eV of 7·103 m/s and an electron density in the range 1021-1022 m−3,
the mean free path of H2 molecules in the edge layer is of the order 0.1-1 mm. The
actual penetration depth will be smaller, because i) the path of the molecule will
not be straight due to neutral collisions; ii) molecules coming from the wall will
likely be colder than 1 eV. We therefore expect that this assumption is correct
in the majority of conditions. Even if this assumption would be wrong in some
conditions by, say, a factor 2 and the channel-averaged dissociation degree would
actually be 50%, this would only imply an overestimation of cs by about 20%.

We estimate the heavy particle density at the exit plane of the channel by

nh =
ΓH

csπR2
, (3.8)

which is expected to be an upper limit on the central density due to the actual
profile being hollow (caused by a peaked T̂h profile and a flat pressure profile).
The equation of state relates this density to the heavy particle temperature via

p = n0eT̂h + neeT̂e + nieT̂h (3.9)
= (T̂h + αT̂e)enh. (3.10)
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As will follow below, the ionization degree is of the order of 20% and the electron
temperature is roughly twice the heavy particle temperature. Solving Eq. (3.7),
Eq. (3.8) and Eq. (3.10) for T̂h and filling in the numerical factors leads to an
average heavy particle temperature of

T̂h ≈
�

1.8 · 1023 pexitR
2

ΓH

�2

. (3.11)

Note that this gives the lower limit on the peak T̂h.
The pressure at the channel exit was measured as a function of the input power

for hydrogen flow rates of 1.5 and 2.4 slm (background pressure ∼3, resp. ∼6 Pa).
The results are plotted in Fig. 3.4. The pressure is about 500 Pa at 1.5 slm flow
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Figure 3.4: The measured exit pressure in a 5 mm arc with a 7.5 mm nozzle at
1.5 and 2.4 slm H2 flow rate.

rate and increases to 650 Pa at the higher flow rate of 2.4 slm. It increases only
slightly with increasing input power.

From these data and Eq. (3.11), we calculated heavy particle temperatures
of 0.85 and 0.6 eV for hydrogen flow rates of 1.5 and 2.4 slm, respectively. T̂h =
0.8 eV is used for the remainder of the analysis. We note that this is in line with
the T̂h determined in earlier work (chapter 2) and a factor 2 higher than the value
measured in [39] in the plasma expansion outside the discharge channel, using
a longer nozzle and operating at a significantly higher background pressure and
lower input power. Since our measurement has limited precision and is indirect,
we will discuss the sensitivity of the main results to the value of T̂h in section
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3.7 and leave a more precise determination of T̂h (including its scaling with the
operational parameters) to future work.

3.3.2 Electron temperature in the active plasma center

The electron temperature in the discharge channel is calculated by balancing the
production of electrons with losses due to convection and ambipolar diffusion.
Assuming steady-state and recombination sinks much smaller than ionization
sources, this equation is written as

∇ · (newconv + newamb) = nen0K
ion

. (3.12)

The diffusion and convection losses occur with a characteristic time of τdiff and
τconv, respectively. We approximate Eq. (3.12) by

ne

τconv

+
ne

τdiff

≡ ne

τloss

= nen0K
ion

. (3.13)

Equation (3.13) describes that the loss of electrons, with a characteristic total
particle loss time τloss, has to be balanced by a sufficiently high ionization rate.
Because this rate increases (strongly) with T̂e, this gives a lower limit on the
electron temperature.

The convective particle loss time is calculated assuming that the axial velocity
inside the channel increases linearly from some vin at z = 0 to cs at z = L. The
average convective loss time is calculated by integrating the local loss time over
the length of the channel and dividing that by the length of the channel, giving

τconv =
L(vin − cs + cs ln(cs/vin))

(cs − vin)2
. (3.14)

The inlet velocity is calculated from the measured upstream pressure and total
hydrogen atom flux by

vin =
ΓHe

n
in

h
Ach

=
ΓHe(T̂h + αT̂e)

pinAch

. (3.15)

With the same assumptions as above, this gives in our conditions vin ≈ 2−5 km/s.
The convective loss time is τconv ≈ 2− 4 · 10−6 s, with shorter loss times at higher
hydrogen flow rate, see Fig. 3.5 below. If we again consider the hypothetical case
where the dissociation degree is 50% instead of ∼100%, the total particle flux and
hence calculated inlet velocity would be 30% lower. Combined with a lower cs

this thus gives a longer τconv.
The loss time due to ambipolar diffusion is estimated by

τdiff ≈
Λ2

Damb

=
R

2

5.8Damb

. (3.16)
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The characteristic diffusion length of Λ = R/2.4 was taken from [47]. The am-
bipolar diffusion coefficient is

Damb =
e(T̂e + T̂h)

Miνi0
. (3.17)

The ion-neutral collision frequency is taken from [48, 49] and is νi0 ≈ 10−14
n0.

The neutral density at the channel entrance is

n
in

0 =
pin

(T̂h + αT̂e)e(1 + α

1−α
)

(3.18)

and n0 at the channel exit is

n
exit

0 =
ΓH

csπR2(1 + α

1−α
)
. (3.19)

The radial n0 profile is expected to be hollow. This could be implemented by
introducing a modified (larger) effective Λ, but since we have no detailed infor-
mation on the profile shape, this is not done. Substituting all numerical factors
and the average neutral density in the channel, n̄0 = (nin

0 + n
exit

0 )/2, gives an
average diffusive loss time of

τdiff = 1.8 · 10−23 R
2
n̄0

(T̂e + T̂h)
. (3.20)

The ambipolar diffusion loss time increases approximately linearly with the hy-
drogen flow rate and is plotted in Fig. 3.5 for a 5 mm discharge channel (see
below for how T̂e was handled in Eq. (3.20)). The figure shows that diffusive
losses are most important in the considered range of flow rates (up to 10 slm).
The total electron loss time is of the order of a microsecond and increases with
increasing Φ.

Ionization in low temperature hydrogen plasmas occurs stepwise, because the
rate K

1→2 is an order of magnitude larger than K
1→ion [48] (and K

2→ion is larger
than K

1→2). The total ionization rate K
ion(Te) is experimentally determined and

up to 5 eV fairly accurately approximated by [48]

K
ion(T̂e) = k0 exp(− Ê12

T̂e

), (3.21)

with k0 = 1.7 · 10−14 m3/s and Ê12 = 10.2 eV the excitation energy from n = 1
to n = 2. Substituting Eq. (3.21) into Eq. (3.13) and solving for T̂e gives

T̂e =
Ê12

ln(n̄0k0τloss)
. (3.22)
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Figure 3.5: The estimated characteristic convective, diffusive and total loss times
as a function of the H2 flow rate between 1 and 10 slm for a 5 mm arc. Diffusive
losses are most important up to approximately 10 slm. Total ion loss time is of
the order of a microsecond.

τloss is calculated from Eq. (3.14) and Eq. (3.20). Since Eq. (3.20) is dependent
on T̂e itself, a starting value is substituted and T̂e is solved iteratively. Figure
3.6 shows examples of such calculations for a 5 and 8 mm discharge channel as a
function of the hydrogen flow rate (black, resp. red line). The calculated electron
temperature ranges from 1.5 to about 4 eV, increasing with decreasing flow rate.
T̂e is higher in larger channels. The calculations where performed with an assumed
ionization degree of both 0.2 and 0.4. T̂e increases with increasing α, because a
higher α leads to a lower n0. The effect of the assumed dissociation degree is
actually very limited (1-2%), because the longer τconv at lower dissociation degree
is compensated by a lower neutral density (see Eq. (3.19) and Eq. (3.22)).

We note again at this point that the particle balance (n0) determines the
(minimum) T̂e, while the energy balance (Pin) will determine ne below. Why an
increase in input power will not increase T̂e over the calculated minimum value
can be understood as follows (as is explained in e.g. [50]). In these conditions, the
ionization degree is still far from 100%. Just as for a plasma in Saha equilibrium,
a small increase in T̂e would lead to a large increase in ionization degree, which
would then consume the extra input power. T̂e is thus tightly bound to the value
determined by the particle balance, until α starts approaching 100%.

The electron temperature was measured at 1 and 5 cm from the source exit
with Thomson scattering. The black and red data points in Fig. 3.6 are peak
electron temperatures at 5 cm as a function of the hydrogen flow rate for discharge
channels of 5 and 8 mm diameter, operated at input powers of 20 kW and 30 kW,
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Figure 3.6: Comparison of the calculated electron temperature with a TS mea-
surement at 5, resp. 1 cm from the source exit as a function of the H2 flow rate,
showing good agreement. T̂e decreases with increasing Φ. The discharge channel
was 5, resp. 8 mm in diameter and the input power was between 12 and 30 kW.
Calculations were performed with an assumed ionization degree of both 0.2 and
0.4.
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respectively. The magnetic field strength was 0.4 T. In these conditions ne and Te

are high enough for MAR recombination losses - which also lead to cooling of the
plasma - to be small (see section 3.1.2 and [38]). The correspondence between the
measured and calculated T̂e is quite good, even though one could argue that the
measurement of T̂e is not inside the discharge channel and some post-arc effects
might have played a role. The measurements were repeated for the 5 mm source
in a lower magnetic field (0.1 T) and close to the source exit (1 cm) to reduce
possible nozzle effects [14]. These measurements show an equal correspondence
with the calculated T̂e, giving confidence in the procedure. The correspondence
is best taking α = 0.4 for low flow rates and at an assumed α of 0.2 for high flow
rates.

3.4 Determination of active plasma volume from
the experimental data

From the (calculated) electron temperature, the conductivity of the plasma in the
active center is calculated with the Spitzer formula

σSp = 2 · 104 T̂
3/2
e

lnΛ
. (3.23)

The channel-averaged conductivity determined from the measured arc voltage dif-
fers from the Spitzer conductivity by a factor ρ

2 = (reff/R)2. From the measured
electric field and calculated T̂e, the filling fraction is calculated by

ρ
2 =

σ̄meas

σSp
=

I

σSpπR2Ez

. (3.24)

The arc voltage was measured and recorded at 10 Hz, while the source was
operated at the desired hydrogen flow rate and the current ramped up from 150
to 900 A and back down in 6 seconds total. Random fluctuations of the measured
voltage were typically less than 5% on this timescale. The average axial electric
field over the discharge channel was calculated by dividing the measured voltage
by the channel length of 34 mm. Figure 3.7 shows the plot of Ez as a function
of the source current for hydrogen flow rates between 4 and 10 slm (changed in 2
slm steps). The channel diameter was 8 mm. The E-I characteristic is flat over
the complete range of currents. The flat E-I characteristic of hydrogen arc was
observed earlier up to currents of 300 A (see chapter 2). The electric field is 2 to
2.5 kV/m with higher values at higher hydrogen flow rates. A lower arc voltage
was observed during the down-ramp of the current than at similar currents during
the up-ramp. This is only observed at low current and might be related to either
the cathode or the channel wall heating up during the current ramp. At the very
highest, the voltage difference was 30% at 150 A.
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Figure 3.7: The E-I characteristic of an 8 mm cascaded arc at discharge currents
between 150 and 900 A at hydrogen flow rates between 3 and 10 slm. The E-I
characteristic is flat over the complete range of currents. The electric field is 2 to
2.5 kV/m with higher values at higher hydrogen flow rates.

Figure 3.8 shows the E-I characteristic of sources with discharge channel di-
ameters between 4 and 7 mm, operated at a gas flow rate of approximately 3 slm.
This data was previously published in [40]. The figure shows that the E-I charac-
teristic is flat at currents higher than ∼ 100 A and that Ez is higher for smaller
diameters. In chapter 2, this was found to be a effect of the higher pressure in
the smaller channels.

Figure 3.9 shows the dependence of the electric field on the hydrogen flow
rate (bottom graph) and inlet pressure (top graph) in 5 and 8 mm cascaded
arcs. Both sources were operated at a constant 22 kW of input power. The
top graph confirms that the difference in electric field strength between the 5
and 8 mm sources operated at the same flow rate is caused by the difference in
channel pressure. At a given pressure, there is only a 15% difference in electric
field between the two channel diameters. We note again that on the basis of the
scaling found in chapter 2, one would expect Ez to be completely independent of
the channel diameter at a given pressure.

The filling fraction ρ
2 is plotted as a function of input power in Fig. 3.10

for the data from Fig. 3.7 at 10 slm. It is linear in the input power, which is a
direct consequence of the E-I characteristic being flat and the assumption that T̂e

(hence σSp) does not depend on the input power (see Eq. (3.24)). For α = 0.4, ρ
2

reaches the maximum value of 1 at the maximum input power of about 80 kW.
At α = 0.2, the maximum is reached at 65 kW. By definition the filling fraction
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Figure 3.8: The E-I characteristic of sources with discharge channel diameters
between 4 and 7 mm, operated at a gas flow rate of approximately 3 slm. Data
was previously published in [40].
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input power was in both cases constant at 22 kW.
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Figure 3.10: Linear fits of the calculated filling fraction as a function of Pin, using
data taken with an 8 mm cascaded arc operated at a H2 flow rate of 10 slm. ρ

2

was calculated with ionization degrees of 0.2 and 0.4 (see below for a complete
treatment of the value of α). The green line was drawn as an example of how ρ

2

could approach the maximum value of one if α increased with Pin.

cannot exceed one. The only explanation for the measured value of Ez in these
conditions is that T̂e is actually higher than the minimum value calculated with
the particle balance. When ρ

2 reaches its maximum value, it is fixed and at higher
powers T̂e is calculated from Eq. (3.23) and Eq. (3.24) with the condition that
ρ
2 = 1. The green line in Fig. 3.10 is drawn by hand to show a possibility for how

ρ
2 will approach its maximum value in reality. This is likely a more realistic shape

for the curve than the black one. Both an increase of T̂e and α with increasing
input power may improve the asymptotic behavior of the model.

Figure 3.11 summarizes the results on the filling fraction for all the Ez data
presented in this section. ρ

2 increases linearly with increasing Pin for all measure-
ments. The data also show that the filling fraction is mostly independent of the
hydrogen flow rate (it increases slightly with decreasing Φ at high Pin). The rea-
son for this is not immediately apparent. It is a consequence of the lower T̂e (i.e.
smaller σSp) and higher measured electric field at higher flow rates. The figure
furthermore shows that ρ

2 is independent of the channel diameter. The measured
Ez in Eq. (3.24) decreases if the channel diameter is enlarged at a given flow rate.
This decrease in Ez follows exactly the increase in T̂e and hence σSp due to the
lower neutral density in the discharge channel (see Eq. (3.22)). The difference in
the Ez measured during the up-ramp and that measured during the down-ramp
of the current is seen to have up to 30% effect on the filling fraction in Fig. 3.11.
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Figure 3.11: The filling fraction as a function of input power, showing that filling
fraction is linear in input power and independent of H2 flow rate and channel
diameter. α was assumed to be 0.3.

This is (in terms of optimization) at the least interesting point of the parameter
space and does not affect the global trends.

The linear increase of the filling fraction with the input power implies that the
power density in the active center is constant at a given channel diameter. The
independence of the filling fraction of the channel diameter means that the power
density in the center is higher in smaller channels. The total number of atoms in
the active center increases linearly with the hydrogen flow rate. Given that the
active plasma volume increases with ρ

2
R

2 and the neutral density at the channel
exit scales with 1/R

2 (see Eq. (3.8)), Fig. 3.11 implies that the total number of
particles in the active center is independent of the channel diameter.

3.5 The ionization degree in the active arc center

With the above analysis, we have determined the filling fraction and how it de-
pends on the operational conditions. So far, assumptions were made about the
value of the ionization degree α = ne/(ne + n0). To know which fraction of the
input power leaves the source as plasma and how much dissipates to the channel
walls (i.e. the source efficiency), we need to determine α in the active center. It
was estimated in three ways. First, we evaluated the electron energy balance. By
calculating collisional, conductive, radiative, diffusive and convective energy losses
as a function of the ionization degree and equating the total energy loss to the
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measured input power density, we estimated the ionization degree as a function of
Pin, d and Φ. Using the standard TS diagnostic of Pilot-PSI, we then estimated α

from the estimated ion flux at 1 cm from the source. Since one could argue about
changes in ion flux between the source exit and the location of the measurement,
we also employed high resolution emission spectroscopy to directly measure the
electron density inside the discharge channel and estimate the ionization degree
from that.

3.5.1 Energy balance in a hydrogen arc

Figure 3.1 contains a cartoon of the overall energy transport in a cascaded arc
source. The ionization degree is calculated from the electron energy balance.
Similar to chapter 7 of [49] and to [37], we have used for this an electron balance
including the terms

Qin = Qei + Q
e

cond
+ Q

e

heat
+ Qion + Qrad [W/m3]. (3.25)

Qin represents the Ohmic heating of the electrons due to the discharge current,
determined from the experimental data by

Qin =
Pin

πr
2
effL

=
IEz

πρ2R2
. (3.26)

Qei is the power transferred from the electrons to the heavy particles. Since the
cross-section of elastic collisions between electrons-atoms is much smaller than
that between electrons-ions and ions-atoms, this term contains only the dominant
electron-ion energy transfer. This is given by [51] (in SI units, with temperatures
in eV) by

Qei =
3
2
ne

2me

Mi

e(T̂e − T̂h)
τei

(3.27)

= 7.5 · 10−34
n

2
e
lnΛ

(T̂e − T̂h)

T̂
3/2
e

, (3.28)

where lnΛ is the Coulomb logarithm. Q
e

cond
is the radial heat conduction by the

electrons. This is expressed as

Q
e

cond
= ∇ · κe∇(eT̂e), (3.29)

where κe is the electron heat conductivity. κe is according to [52] equal to

κe = 2.55 · 1023 T̂
5/2
e

lnΛ
[m−1s−1]. (3.30)

Substituting Eq. (3.29) and approximating the gradients by 1/R, we find for the
electron heat conduction

Q
e

cond
= 4.1 · 104 T̂

7/2
e

R2 lnΛ
. (3.31)
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We have hence essentially taken Te(R) = 0, on the basis of the large central value
(17000-40000 K) calculated in section 3.3.2. Since [53] found that the electron
temperature can potentially have a value of a few thousand K near the wall, Eq.
(3.31) can be considered to give an upper limit for the conductive losses. The
terms Q

e

heat
and Qion represent the thermal, resp. ionization energy carried by

electrons lost by diffusion or convection. We take these terms together, because
both are determined by the particle loss time calculated in section 3.3.2 via

Qpart = Qion + Q
e

heat
=

ne

τloss

(Eion + Eth) (3.32)

=
ne

τloss

(16 +
5
2
T̂e)e. (3.33)

Finally, Qrad represents the total energy lost by radiation (i.e. non-self-absorbed
continuum and line radiation). The total radiated power in an atomic hydrogen
plasma was calculated in [54] with a collisional-radiative model. The plot of the
dominant ionizing plasma radiation power rate coefficient P1 (notation of [54])
for a plasma with ne ∼ 1020 m−3 was fitted between 2 and 4 eV. This gave

P1 ≈ 1.33 · 10−16
T̂

3.9
e

[eVm3s−1]. (3.34)

With this P1, the total radiation power density, neglecting the recombining plasma
contribution becomes

Qrad = 2.1 · 10−35
T̂

3.9
e

nen0 [Wm−3]. (3.35)

We assume here that all radiation is lost from the plasma, i.e. that the plasma
is optically thin and there is no self-absorption. This can thus be considered to
be an upper limit on Qrad. With more self-absorption (e.g. of resonant Lyman
lines), the lower radiation losses are expected to slightly increase α.

In plasmas with a finite ne up to the material surface, the sheath sets particle
and energy fluxes to the wall. Since we have assumed ne to be essentially zero
near the wall, this does not apply to our description.

Adding together Eq. (3.28), Eq. (3.31), Eq. (3.32) and Eq. (3.35) results in an
expression in T̂e, T̂h, ne and n0. We have already determined all parameters except
for ne = α/(1−α)n0. Figure 3.12 shows all loss terms, the total loss power density
and the input power density as a function of the ionization degree for a 5 mm
diameter source at low and high hydrogen flow rates (Pin = 22 kW). The point
where the total power loss line intersects with the horizontal line representing
the input power density determines the ionization degree in the active center. It
shows that at low flow (0.6 slm), the ionization degree is 19%. In these conditions
electron thermal conduction takes into account 35% of the total power. This is
due to T̂e being high at low flow (Fig. 3.6) and the strong T̂

7/2
e dependence of the

electron heat conduction. Particle losses are almost as important (30% of total).
The rest of the input power is lost by radiation (∼ 25%) and electron-ion transfer
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Figure 3.12: Analysis of the electron energy balance as a function of the ionization
degree for 5 and 8 mm cascaded arcs for low and high H2 flow rates (Pin = 22 kW).
The intersection between Qloss and Qin determines the ionization degree, which
is in these conditions for the 5 mm arc 19, resp. 15% and for the 8 mm arc 27
resp. 16%.

(∼ 10%). In these conditions, the Qei term is small due to the low density. At
high flow (6.7 slm), the ionization degree is 15%. In this case the power loss is
dominated by electron-ion energy transfer (∼ 55%), due to the higher density
in the channel. At the same time, T̂e is lower, resulting in a negligible Q

cond

e

contribution. It is noted that in conditions were Qei dominates, we expect T̂h to
increase to a value closer to T̂e. Since this would lessen the Qei term, this term
might be overestimated in our description.

Figure 3.12 also shows the same analysis for an 8 mm discharge channel at
the same input power. The input power density in the center is lower than in the
5 mm cascaded arc due to the larger reff . At low flow, the difference between the
various processes is a lot smaller. The dominant process is particle loss. Just as
in the 5 mm arc, at high flow the contribution of electron heat conduction drops
out and the e-i energy transfer becomes dominant. Again, the ionization degree is
higher at lower flow: 27% at 2 slm versus 16% at 10 slm. Radiation, particle and
e-i losses together constitute the majority of the total power loss in all conditions.
Since all these losses processes scale as r

2
eff , this is compatible with the scaling of

the power dissipation observed in section 3.4.
Using the same procedure, α was determined for the other data. The result

is plotted in the left graph of Fig. 3.13 as a function of Φ for the 5 and 8 mm
cascaded arcs. Except for at the lowest flows in the 5 mm cascaded arc, the
ionization degree decreases with increasing flow rate. As explained above, a low
flow rate leads to large conductive losses, reducing the ionization degree. Figure
3.13 shows the dependence of ionization degree on the input power and channel
diameter on the right: α decreases with increasing input power. This is counter-
intuitive and a consequence of a higher measured inlet pressure at higher input
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Figure 3.13: Ionization degree calculated from the electron energy balance as a
function of the H2 flow rate (Pin = 22 kW) on the left and as a function of the
input power (Φ = 3.5 slm, d = 4, 5 and 6 mm) on the right. α decreases with
increasing Φ, increases slightly with increasing d and decreases with increasing
Pin. On average α ≈ 20%.

power. This changes n̄0 in our description and hence the relative sizes of the terms
in the energy balance. It can not be excluded that the increase in inlet pressure
is affected by a change in T̂h. From both graphs in Fig. 3.13 we conclude that α

increases slightly with increasing channel diameter. On average, α is about 20%.

3.5.2 Electron density measurements outside the arc chan-
nel with Thomson scattering

Electron density profiles we measured with TS at 1 cm from the source exit in
a magnetic field of 0.1 T. The source was operated at a H2 flow rate of 1.5 slm.
The peak density increased linearly with the discharge current. The width of
the profiles was constant. The fits through these profiles were radially integrated.
The integrated density is plotted as a function of the input power in the left graph
of Fig. 3.14. The integrated density increases linearly with the input power. The
integrated density must be multiplied by the forward velocity of the plasma to
determine an absolute number for the total ion flux. Close to the source exit,
however, there are large gradients in the forward velocity [55]. Without a local
measurement, it is therefore difficult to give absolute numbers for α from this
data. If the axial velocity is independent of the input power, a comparison with
Fig. 3.11 shows that Fig. 3.14 is compatible with a constant ionization degree.
The right graph of Fig. 3.14 shows the results of a scan of the input power in
cascaded arcs with diameters of 4-6 mm operated in a field of 0.2 T and a gas flow
rate of 3.5 slm. These measurements were performed at 5 cm distance from the
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Figure 3.14: Integrated electron densities as a function of the input power as
measured with TS at 1 cm distance from the source exit with a 5 mm source
operated at 1.5 slm in a magnetic field of 0.1 T.

source exit. It is observed for all diameters that the integrated density increases
linearly with the input power. It is largely independent of the channel diameter.
The trend of α estimated from these data shows an independence of Pin and a
slight increase with increasing d. If vz = 3.5 km/s is used from chapter 2, the
absolute value of α agrees on average with the predictions from the model.

Since these measurements were performed at some distance from the source
exit, one can argue that several effects might have had an effect on the outcome.
First, there is the forward velocity which was not measured in all conditions and
might not have been constant. Second, recombination losses could have occurred
in the lower density, lower temperature edges of the plasma beam, with the nozzle
being a source of ro-vibrationally excited molecules. Third, the TS measurements
required the application of a magnetic field, which can lead to extra ionization in
the nozzle region by mechanisms described in [14] and [28] (input power was 2 kW
higher in the 0.1 T field than without field). Given these discussion points, we
have also employed high resolution emission spectroscopy inside the arc channel
for an in-situ measurement of the electron density.

3.5.3 Ionization degree from Hβ emission measurements

Using emission spectroscopy, we have performed emission measurements on the
Hβ line and calculated the electron density from the Stark broadening. The result
is plotted in Fig. 3.15. These measurements were performed with an expanding
channel diameter (5-8 mm) at a discharge current of 200 A. The figure shows an
increase of the electron density in the arc center with the hydrogen flow rate. The
neutral density was calculated with Eq. (3.8) and with R = 4mm. The ionization
degree calculated from these data decreases from 23% at 1 slm to 17% at 4 slm.
This agrees with the α determined from the electron energy balance. The figure
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Figure 3.15: The electron density and ionization degree as determined from the
Stark broadening of the Hβ line. The electron density increases approximately
linearly with the hydrogen flow rate, while the ionization degree decreases. The
three open data points were measured with TS at 1 cm distance from a 5 mm
diameter straight source in a magnetic field of 0.1 T. The discharge current was
200 A in all cases.
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also shows how these values compare with TS measurements at 1 cm distance
from a straight 5 mm source in a magnetic field of 0.1 T. The two diagnostics
agree at a flow rate of 1.5 slm, but we do not observe the increase in ne with TS.
At 3.5 slm, the discrepancy is more than a factor of 2. It is expected that at the
higher flow rate, recombination losses between the source and detection volume
and/or a different (e.g. longer) plasma expansion influenced the measurements
more than at the low flow rate.

3.6 Estimation of the source efficiency

The gas efficiency was estimated by

β ≡
Γout

H+

2Γin

H2

= αρ
2
. (3.36)

The total ion flux Γout

H+ was multiplied by the energy per electron-ion pair to yield
the convected plasma power and divided by the input power to yield the energy
efficiency:

εM ≡
(Êion + 1

2 Êdiss + 5
2 T̂e + 5

2 T̂h)eΓH+

Pin

(3.37)

≈
(16 + 5

2 T̂e + 5
2 T̂h)eΓH+

Pin

, (3.38)

where Êion is the 13.6 eV ionization energy of atomic hydrogen and Êdiss is the
4.5 eV dissociation energy of molecular hydrogen.

In Fig. 3.16, the gas and energy efficiency are plotted as a function of the
hydrogen flow rate for cascaded arcs of 5 and 8 mm, operated at 22 kW. The
gas efficiency decreases with increasing flow rate, due to the decreasing ionization
degree found in Fig. 3.13 (as a result of increased electron-ion energy transfer)
and a constant filling fraction (Fig. 3.11). The highest gas efficiency at this
input power is 8.5%. At moderate to high H2 flow rates, the efficiency is higher
in the larger channel. The explanation for this is again to be found in a higher
ionization degree, as observed in Fig. 3.13 (caused by smaller Qpart, Qei and
Qrad terms due to a lower neutral density in the channel). The figure also shows
that the energy efficiency increases with the flow rate. Because the gas efficiency
decreases less than proportionally with Γin

H2
, the total plasma output ΓH+ in Eq.

(3.37) actually increases with the flow rate. This together with the constant Pin

explains the increase in ε. At moderate to high flow rates, the energy efficiency is
higher with the larger source. The maximum energy efficiency is 7%. In the right
figure, the values for ε calculated with the model are compared with data based
on source calorimetry, calculated with

εC =
Pin − Pcool

Pin

. (3.39)
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Figure 3.16: Gas and energy efficiency as a function of the H2 flow rate for 5 and 8
mm diameter discharge channels and an input power of 22 kW, as calculated with
the model. The gas efficiency decreases with increasing Φ. The energy efficiency
increases with increasing H2 flow rate (due to a larger output). Both efficiencies
are higher in the larger channel at moderate to high flow rates. The energy
efficiency is compared with source calorimetry data taken at approximately 11
kW input power, showing the same trend.

These data show the same increasing trend as the model calculations. The ab-
solute values cannot be compared, because i) Eq. (3.39) also includes dissocia-
tion and thermal energy lost convectively, whereas Eq. (3.37) does not; ii) the
calorimetry data was obtained at half the input power compared to the other
data.

Figure 3.17 shows the gas efficiency for the data presented in Fig. 3.8 and Fig.
3.13. β increases with increasing input power and does not (significantly) depend
on the channel diameter. The highest efficiency at the flow rate of 3.5 slm is 9%.
The energy efficiency (not shown) is independent of the input power, since the
total output is proportional to Pin. It is in these conditions about 3%.

At 900 A of discharge current (Pin = 65 kW), the 8 mm cascaded arc operated
at 4 slm, which is then completely filled, has an estimated gas efficiency of 19%
and an energy efficiency of 4%.

3.7 Discussion

A number of assumptions and simplifications were made in the calculations. We
will now describe the implications of these simplifications for the outcome of the
calculations.

T̂h was taken to have a constant value of 0.8 eV in both the particle and
energy balance. In principle, it can vary with the operational conditions. It was
measured by an indirect method via measurements of the exit pressure, assuming



68 CHAPTER 3. DETERMINATION OF SOURCE EFFICIENCY

0 10 20 30 40 50

0

2

4

6

8

10

 4 mm

 5 mm

 6 mm

 

 

G
a

s 
ef

fi
ci

en
cy

 (
%

)

Input power (kW)

Figure 3.17: Gas efficiency as a function of the input power at a H2 flow rate of 3.5
slm and discharge channel diameters of 4, 5 and 6 mm. β increases with increasing
input power and does not (significantly) depend on the channel diameter.

sonic flow at the exit. The exact position where the plasma reaches M = 1 will
be within a few millimeters from the exit plane [42, 41, 39], but such a small
discrepancy will not significantly affect the determined value of T̂h. Any effects
due to the profile shape (including e.g. the wall temperature) were neglected. The
average value that was used is expected to be correct within 30% on the basis of
these measurements. In the calculations, T̂h influences n0, τloss and hence T̂e, ρ

2

and the energy balance. The 30% accuracy of T̂h implies a 13% accuracy for T̂e

(∼20% for ρ
2). As discussed, T̂h may increase in conditions where Qei is large.

This could potentially lead to a higher T̂e at e.g. a higher Pin, as was observed in
some of the TS data in chapter 2. Figure 3.4 shows a slight increase of pexit with
input power, but this could be due to both T̂h and α and the investigated range
of input powers was limited. T̂h enters in the energy balance directly in the Qei

term and indirectly (through via n0, τloss and T̂e) in the other terms. Its overall
effect on the energy balance is therefore limited.

The ionization degree was kept constant at 0.3 in the calculation of n0 and
τloss. It has the same effect on T̂e as we discussed for T̂h. The evaluation of the
energy balance shows that its value can differ by 25% around the median value of
20%. Using a different starting value or solving for α iteratively is not expected
to change the main conclusions significantly.

We assumed T̂e to be independent of Pin, based on the argument that a change
in input power will likely have a greater influence on the energy transport in the
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discharge channel (determining mostly α) than on the particle loss processes (de-
termining mostly T̂e). As discussed in Fig. 3.10, an increase in T̂e is required to
introduce an asymptotic behavior into the model. However, no explicit assump-
tion on how/why T̂e will increase over the minimum value calculated with the
particle balance is obvious at this point, because the observed trend could be a
consequence of the assumptions made on T̂h and α.

The characteristic diffusion length Λ (determining in part τloss and hence T̂e)
was taken to be R/2.4. If the destruction of ions in the passive wall layer is
complete and the effective radius of the T̂e profile can be considered to be the real
radius of the current channel, Λ would be reff/2.4. This would introduce a Pin

dependence of T̂e. However, it would raise T̂e at low Pin (small reff) and hence
decrease the filling fraction even further. At high input power (reff ≈ R), T̂e and
ρ
2 would remain unchanged. Such a change would thus curve the lines in Fig.

3.10 in the other direction than the suggested green line.
In the evaluation of the electron energy balance, T̂e was taken to be zero at

r = R in the Q
e

cond
term. T̂e can possibly still have a significant value at the

edge of the current profile or wall. The chosen gradient of the T̂e profile might
overestimate the Q

e

cond
term in the energy balance. This is most pronounced

in conditions where this term is large (low density, high T̂e). In many of the
conditions this term is negligible.

As the final assessment of our assumptions, we have investigated the influence
of the diffusion length and optical thickness on the main results. If we consider
reff to actually constitute the edge of the ionized region and basically assume
that every ion that enters the edge layer immediately recombines, we need to
replace R in Eq. (3.16) with reff and solve the particle balance iteratively. At
low input power (small reff) this increases the diffusion losses, raises the electron
temperature and leads to a smaller filling fraction. In Fig. 3.18 we see that
this also leads to a lower gas efficiency. At high input power (as reff approaches
R) there is no difference. Another assumption we made was that all radiation
escapes to the channel wall. The plasma may actually be optically thick for some
resonant (Lyman) lines. We assessed the influence of the optical thickness on
the main results by calculating the gas efficiency with the radiation term in the
energy balance set to zero. The results are also shown in Fig. 3.18. Because this
decreases the power losses, it leads to a 15% higher efficiency at high input power.

Overall, the determination of all plasma parameters (T̂h, T̂e, ρ
2 and α) is

considered to have an accuracy of ∼30%. The details of the calculated trends
might get altered if more data is supplied where assumptions were now made.
However, the main conclusions about the value of the electron temperature, its
effect on the channel filling, and the numbers for the efficiency of the source will
likely still stand within the mentioned accuracy. Given the discussion of the Qei,
Q

e

cond
and Qrad terms in the energy balance, the calculated maximum efficiency

is considered to be a lower limit.
This work first of all provides the tools to predict the plasma parameters in
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Figure 3.18: Influence of the assumptions on the diffusion length and optical
thinness on the calculated gas efficiency. Calculations are based upon the data of
an 8 mm diameter source operated at 8 slm hydrogen flow rate. The ionization
degree was kept at 20% in the calculation of T̂e. reff was solved iteratively.

the discharge channel of a hydrogen arc, a location where it is typically difficult to
perform measurements. Second, it provides the basis for extrapolations to higher
hydrogen ion output, as was done in chapter 2. This work shows that the main
parameter of merit is the input power. Pin should be maximized up to the point
where the power load on the inner wall becomes the limiting factor (depending
on material and cooling design). The accessible range of input powers can be
expanded by increasing the channel diameter, as this increases the surface area
over which the power loss to the wall is distributed. The hydrogen flow rate should
be increased accordingly to keep the inlet pressure above the minimal value of 50
mbar. How much power is deposited in the arc at a certain discharge current
also depends on the pressure (see chapter 2). Transport losses towards the target
(not discussed here), which depend on the background pressure, limit the value
to which the flow rate can be increased. The maximum flow rate will depend on
the design of the vacuum chamber and the available pump speed. With a large
pump capacity one may opt to operate the source at a higher flow rate for more
output, while with a lower pump speed one might optimize for higher efficiency
and run at a lower flow rate.
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3.8 Conclusions

T̂e was determined to be 1.5 to 4 eV, increasing with decreasing flow rate and
increasing channel diameter. Diffusive particle losses are dominant in the electron
particle balance, but convective losses are non-negligible in the determination of
the temperature. These values of T̂e are higher than those assumed in chapter
2, leading to a more constricted current channel than previously thought. With
this determination of T̂e, ρ

2 was found to be linear in Pin and independent of
the hydrogen flow rate and channel diameter. Complete channel filling occurs at
approximately Pin = 65 kW. At higher input powers, T̂e must become higher than
the value calculated from the particle balance in order to explain the measured
change in arc resistance.

The ionization degree in the active center was estimated from the electron
energy balance. Typical values of α were found to be 20%, which is higher than
the 10% assumed in earlier work (chapter 2). Electron heat conduction was found
to be the dominant energy loss process at low hydrogen flow rates. Electron-
ion energy transfer was found to be dominant at high flow rates. Radiation and
particle losses were found to be of similar size and together were attributed to
about half of the total energy loss in the arc, independent of the conditions. The
gas efficiency increases with decreasing hydrogen flow rate and increasing input
power. The energy efficiency increases with increasing hydrogen flow rate. The
highest gas efficiency in the investigated conditions was 19% and the highest
energy efficiency 7%. This work provides a method to determine the plasma
parameters in the poorly accessible discharge channel of a hydrogen arc and forms
the basis for further extrapolations to higher output.
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Chapter 4

Multiple discharge channels
in a cascaded arc to produce
large diameter plasma
beams

Based on: Fusion Engineering and Design 84, 7-11, 1933-1936 (2009)

Abstract
A new cascaded arc containing three separate discharge channels at 15 mm dis-
tance from each other was constructed to produce intense and wide hydrogen
plasma beams and first tests were carried out at Pilot-PSI. Current and voltage
measurements as well as calorimetry on the cooling water of the source demon-
strated that these channels operated independently. Thomson scattering measure-
ments showed that, depending on the nozzle geometry, the three outputs merge
to one beam if the source is operated at argon in magnetic fields up to 1.6 T. High
intensity argon beams of 3-5 cm diameter were produced. In hydrogen operation,
the individual outputs did not merge or interact. Drawing a part of the discharge
current to a ring electrode surrounding the whole plasma can improve the beam
homogeneity. The inner diameter of the ring has to be matched to the beam
diameter in order to draw current to it.

4.1 Introduction

A high-flux cascaded arc hydrogen plasma source is being developed for the linear
plasma generator Magnum-PSI to investigate PSI issues for ITER [56]. The cas-
caded arc is successfully employed to produce plasma conditions similar to those

73
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in the ITER divertor in the linear plasma generator Pilot-PSI at magnetic fields
≤1.6 T (particle fluxes ≤1024 ions m−2s−1 and power loads ≤10 MW m−2 at 1-3
eV temperature [14]). To study the effect of the trapping of the eroded material
by the plasma on the plasma-surface interactions, the requirement for beam di-
ameter in Magnum-PSI is set to 10 cm, the estimated ionization mean free path
of methane in a low temperature hydrogen plasma of ne = 1020 m−3 [56].

The achieved beam width in Pilot-PSI (full width parabolic profile) with a 7
mm diameter single channel source is ∼15 mm, as is shown in Fig. 4.1. The figure

Figure 4.1: Measured beam widths (full width parabolic profile of electron density)
with a 7 mm single channel cascaded arc operated at 300 A current and 6 slm
hydrogen flow rate. The beam width increases by up to 30% during transport
over 0.6 m and decreases with magnetic field. The maximum width is 18 mm.

shows that the beam widens during the transport from the source to the target
and that its diameter decreases with increasing magnetic field. Magnum-PSI
will have a magnetic field of 3 T, electron densities between 1020 and 1022 m−3,
temperatures in the 1-4 eV range and background pressures of 1-10 Pa (n0 ≈ 1019-
1020 m−3). Cross-field transport is determined by the Hall parameter, which for
electrons is estimated by [51]

He = ωc,eτei ≈ 9 · 1021 BT̂
3/2
e

ne

, (4.1)

where we have used that in our conditions ln Λ ≈ 7. For the conditions expected
in Magnum-PSI, we find He ≈ 3 − 2200. The plasma transport time to the
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Magnum-PSI target will be of the order of τt ≈ 0.5µs (distance to target ∼1.5 m,
vz ≈ 3 · 103 ms−1, see chapter 2). The cross-field diffusion length for the electrons
is calculated by

Le,⊥ = 2
�

De,⊥τt ≈ 2

�
De,�τt

H2
e

= 2

�
eT̂eτeiτt

meH
2
e

= 10−3 − 10−2 m. (4.2)

The largest value of 1 cm is only reached for the fairly unrealistic combination of
ne = 1022 m−3 and T̂e = 1 eV. This estimation is consistent with the measured
widening shown in Fig. 4.1. Such a calculation for hydrogen ions gives similar
numbers.

Cross-field transport will therefore not be enough to reach a 10 cm beam
diameter at the target of Magnum-PSI. A large beam diameter requires a large
area plasma source. However, the results of chapter 2 show that the decrease of
the source pressure (p ∝ Φ1/2

d
−2) prevents increasing the channel diameter to

several centimeters. The solution is to create a cascaded arc with multiple closely
packed discharge channels. In this paper, we discuss the design, operation and
output plasma profile of a three-channel source. The evaluation of the operation is
done on the basis of calorimetry and voltage measurements. Thomson scattering
is used to measure lateral electron density and temperature profiles at the target
of Pilot-PSI (0.6 m from the source).

4.2 Design of the 3-channel source

The new three channel cascaded arc consisted of three tungsten cathodes, each
placed in a cathode chamber (see Fig. 4.2). A stack of five insulated copper
plates, each having three holes of 5 mm at 10 mm distance from the center (17 mm
distance between the holes), formed three discharge channels of 36 mm length,
one for each cathode. The cascade plates are cooled via a triangular cooling
channel as can be seen in the figure. The in- and outgoing channels are 3 mm
in diameter. The connecting channel is 2 mm diameter. The water flow through
each plate was 6 l/min. The plates are electrically insulated from each other,
from the cathode chamber and from the anode plate, by boron-nitride plates of 1
mm thickness. Viton O-rings provide the vacuum sealing of the arc. The 2 mm
diameter water cooled cathodes are made of thoriated tungsten and are placed
under 7◦ with respect to the channel axis. The anode was made of 25%-copper -
75%-tungsten composite, contained holes of 7 mm diameter and served also as the
nozzle or pre-expansion section of the source. Two different nozzle geometries are
evaluated: 7 mm diameter and 17 mm long holes for type A and 7.5 mm diameter
and 7 mm long for type B.

This source design is based on the design of the single channel cascaded arc.
In the first iteration of the design, the three cathodes were located in front of
the three channels in a common chamber with a single gas feed. This worked
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Discharge channel

Water connector

Anode/nozzleCathode tip (3x)

Gas inlet

Cascade plates (5x)

Figure 4.2: Design of the new three channel cascaded arc, including a cut through
one of the channels and the geometry of the cooling and discharge channels in the
plates.

well during argon operation, but the negative I-V characteristic at low current
(see chapter 2) caused the source current to concentrate in one of the discharge
channels during hydrogen operation. The design was therefore modified to have
three separate cathode chambers with each its own gas feed. In the current
design the channels are not completely independent, because the floating plate
voltages are the same for all channels. The reason for using a single stack of
plates instead of separate stacks is that the channels need to be close enough for
the ∼15 mm wide beams to merge. The minimal plate size, which is determined by
the minimal O-ring to channel distance and the required mechanical stabilization
and fixation, is larger than the maximum distance between the channels. The
cathodes are axially positioned such that the arc voltages of each of the three
channels operated individually are the same (differences can e.g. be caused by
the state of the cathode tip). This minimizes the effect of the shared floating
potentials. With the common cascade plate design, the distance between the
channels is determined by the heat conduction from central uncooled part to
cooling channel and by the current size of cathode holders. The cooling design
was dictated by current manufacturing technique for the plates. Producing plates
with cooling in the center requires a more advanced manufacturing techniques
and/or a different orientation of the discharge channels relative to each other. In
addition to the two nozzle designs evaluated here, an anode with a large central
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bore surrounding all three channels was tested. This anode suffered from damage
at the location where the total current of all channels reached the surface in a
single intense anode spot.

4.3 Test of the 3-channel source

We performed the first experiments on argon as a reference. Argon has the ad-
vantage that it is less magnetized than hydrogen at the same density due to its
higher atomic mass. It is therefore expected that the individual beams will merge
more easily. The source was therefore tested with argon, hydrogen or a mixture
of the two at a total gas flow rate per channel up to 2.5 SLM = 1.1 · 1021 H2

s−1 and a discharge current of 100 A per cathode, i.e. 300 A in total. These
conditions match our earlier work [2,3] with a single channel arc and produce the
ITER-relevant conditions. The test-bed Pilot-PSI (Fig. 4.3), which consists of a
1 m long, 0.4 m diameter vacuum vessel inside five magnetic field coils, was used
to test the source. The pressure in the vessel is set by the gas flow rate and the
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Figure 4.3: Schematic overview of Pilot-PSI. The inset shows the detection volume
and line of sight for the Thomson scattering measurements.

maximum pumping speed and was typically ∼2.5 Pa during argon operation and
∼4.5 Pa during hydrogen operation. This pressure induces significant recombina-
tion (estimated at 50% over 0.5 m) in hydrogen plasmas, but has no influence on
argon plasmas. The plasma is confined inside the vessel along the length axis by a
magnetic field up to 1.6 T and directed towards a water cooled ring electrode with
an inner diameter of 30 mm at 0.56 m. The source performance is characterized
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by the electron density and ion fluxes derived from Thomson scattering [27]. A
sketch with the detection volume and line of sight relative to the plasma beams
is shown as an insert to Fig. 4.3.

The power losses to the channel walls of the cascaded arc source were measured
for each cascade plate as well as for the three cathodes and the anode. The results
are presented in Fig. 4.4 for different gas compositions at a discharge current of
75 A or 90 A per cathode. The input power was approximately 11 kW (225 A
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Figure 4.4: Measurements of the power deposited to the cooling water of each
cascade plate. The power losses to the channel walls are four times higher if
hydrogen is introduced compared to pure argon operation. The two data series
for pure argon were measured at the same discharge parameters.

at ∼50 V) with pure argon and 31 kW (270 A at 115 V, resp. 225 A at 138 V)
with the mixed gas composition. It shows that the wall losses become a factor of
four larger if hydrogen is introduced (compared to pure argon), due to its higher
thermal conductivity, even if it constitutes only 40% of the total flow. We note
that the negative value for the cathode cooling power in the fourth data series is
caused by the inaccuracy of the water temperature measurement. The total wall
losses amount to 90% of the total input power. In this example, 4 kW is lost in
one plate, i.e. to a wall surface of 3 ·10−4 m2 (here we also add the 1 mm thickness
of the isolator that is located between two plates to the plate thickness). This
implies a heat flux of up to 14 MWm−2 and illustrates the challenge of operating
this source in hydrogen.

The current and voltage measurements that were performed on the three chan-
nel arc operated on pure hydrogen were in exact agreement with those performed
on a single channel arc (data not shown) [40, 57]. Pressure measurements in each
of the cathode chambers also gave the same result. This means that the channels
do not interact during nominal operation and can be considered individually. A



4.4. EXPERIMENTS ON THE BEAM HOMOGENEITY 79

total discharge current of 300 A (i.e. 100 A per channel) was typically realized
at a discharge voltage of 100-110 V. This amounts to a total input power of 30
kW. This implies that output of each of the channels, calculated with the method
described in chapter 3 using the arc voltage and upstream pressure as input, is
identical to that of a single channel cascaded arc. The total ion flux is thus three
times greater than that of a single channel source. The overall energy and gas ef-
ficiencies are identical to the single channel source, because the total input power
and gas flow rate are also three times greater.

We performed ANSYS calculations asses the wall temperatures in the dis-
charge channel. Assuming 10 MWm−2 wall load, 7 l/min cooling water flow, and
a film heat conduction coefficient of 50 kWm−2◦C−1 resulted in a maximum wall
temperature of 150 ◦C, i.e. well below the melting temperature of copper. Based
on this calculation and our experience with single channel sources, we expect that
it should be possible to increase the current per channel by roughly a factor of
two at the current channel diameter. Going to even higher input powers would
require increasing the channel diameters. This expansion of the operating regime
is, however, limited by the reduction in thermal conductance from the plate center
to the cooling channel that would accompany an increase in the channel diam-
eters. A manufacturing technique that allows for cooling in the plate center is
highly desirable for high power operation.

Visual inspection showed little damage inside the discharge channel after sev-
eral hours of operation at the current power levels in the absence of off-nominal
events. The main off-nominal events that were observed were voltage fluctuations
that occurred when one or more of the cathodes were positioned too close to
the channel entrance. This caused damage to the cathode, its isolation and the
first cascade plate. These fluctuations could be prevented by placing the cath-
odes at the proper distance from the channel entrance (approximately 3 mm) and
“matching” the three channel voltages to each other. The damage is explained by
(intermittent) arcing between the cathode and cathode chamber/first plate. The
fact that this behavior depends on the distance between the cathode and first
plate indicates that this is likely influenced by the large local electric fields in the
first few millimeters of the hydrogen arc (see chapter 5).

4.4 Experiments on (the improvement of) the beam
homogeneity

We used Thomson scattering to characterize the argon plasma near the beam
dump, which was produced with the two different nozzle geometries (mainly dif-
fering in length: 17 mm versus 7 mm) in a scan of the magnetic field. The
observational error in the electron density is less than 10 percent [27]. The ne

(electron density) profiles are shown in Fig. 4.5. It shows that a shorter nozzle
improves the plasma production, which is in line with earlier observations for a
single channel source [14, 58]. For nozzle A, the ne profile shows no sign of the
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Figure 4.5: Profiles of ne in argon plasma measured with Thomson scattering at
0.54 m downstream from the source. Two different nozzles were used: a 17 mm
long nozzle (type A) and a 7 mm long nozzle (type B). The dashed lines guide
the eye to the center of the different plasma beams. Discharge parameters: 2
slm argon gas flow rate per channel, 75 A current per channel. The extrapolated
beam width with nozzle B was over 5 cm at 0.4 T, decreasing to over 3 cm at 1.6
T.

individual plasma channels at the lower fields. At the maximum field of 1.6 T, the
profile shows a minimum in the center, which indicates that only the outer edges of
the three beams mix or overlap. With nozzle B this local density minimum in the
center is less than 10%. The Te (electron temperature) profiles (data not shown)
were all flatter and wider than the density profiles. At the lowest B, Te reached
0.3 eV and 0.8 eV for nozzle A and B, respectively. This increased up to 1.2 and
1.4 eV, respectively, for B=1.6 T. The full beam width was extrapolated from the
density profiles shown in Fig. 4.5, because the beam was significantly wider than
the length of the TS detection volume. Using nozzle B, the beam was over 5 cm
wide at 0.4 T and over 3 cm wide at 1.6 T. We estimate the argon flux densities to
the target using Γion = 0.5necs and Γpower = [5/2kB(Te + Ti) + Eionization]Γion as
per reference [59]. This yields Γion = 1 ·1024 m−2s−1 and (with Te = Ti = 1.3 eV)
Γpower = 3.5MWm−2. It is thus possible to produce large diameter plasma beams
with ITER-level ion and power fluxes during argon operation with multi-channel
cascaded arcs.

In hydrogen operation, the measured ne was nearly an order of magnitude
lower compared to argon operation, as can be seen from the ne profiles in Fig.
4.6. The profile reflects that the Thomson scattering chord crosses through the
centerline of the upper channel and through the middle between the centerlines of
the two lower channels. It shows that the individual outputs are much smaller in
hydrogen: ∼8 mm wide. We explain this by the following three processes: i) the
cross-field diffusion is reduced, due to the lower mass of hydrogen; ii) the transport
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Figure 4.6: Profiles of ne in hydrogen plasma measured with Thomson scattering
at 0.54 m downstream from the source. A 7 mm long nozzle (type B) was used.
The dashed lines guide the eye to the center of the different plasma beams. Dis-
charge parameters: 2 slm hydrogen gas flow rate per channel, 75 A current per
channel.
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time from the source to the detection volume is smaller, due to the higher sonic
speed in hydrogen; iii) the colder edge of the hydrogen beam recombines via
molecular processes and this does not occur in pure argon plasma. The peak
ion flux to the target is in this case 5 · 1023 m−2s−1 and the power density is 1.8
MWm−2 (calculated as above). There is no clear evidence of mixing or other
interaction between the three beams.

Finally, experiments were conducted to investigate the effect of forcing part
of the discharge current to a 30 mm inner diameter external auxiliary ring anode
close to the plasma dump. The rationale behind this approach is to impose
current crossing the magnetic field, which would cause extra power input as well
as rotation. Figure 4.7 shows the first results of these experiments in argon.
The photograph of the plasma light (the plasma is seen through three windows)
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Figure 4.7: Profiles of ne in argon plasma measured with Thomson scattering.
Discharge parameters: 2 slm argon gas flow rate per channel, 75 A current per
channel, 1.6 Tesla magnetic field. The ring electrode is collecting part of the
discharge current.

indicates that the initially separated plasma beams (in the left window) merge
into a single beam. The ne and Te profiles confirm this observation. Both ne

and Te are observed to increase and the homogeneity to improve with increasing
(electron) current to the ring electrode. During hydrogen operation it proved to
be difficult to draw a significant current to the ring electrode in the current setup.
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4.5 Discussion

The main challenge in this work is to improve the mixing of multiple beams during
pure hydrogen operation. Moving the discharge channels closer together would
likely improve mixing of the narrower hydrogen beams. Increasing the channel
diameters may facilitate the mixing by increasing the individual beam diameters.
Both suggestions, however, require a plate design that provides cooling in the
center (i.e. in between the channels). This in turn requires changing to a dif-
ferent manufacturing technique, like e.g. the rapid prototyping technique (laser)
sintering. The inner diameter of the ring electrode should be better matched
to the overall plasma diameter during hydrogen operation to enable drawing a
significant current to it. The ring electrode should furthermore be moved much
closer to the source exit. The rationale behind this is that the local neutral den-
sity is higher there due to the large amount of unionized gas coming from source.
The ring current will ionize the neutral gas in between the magnetized beams,
thereby improving the plasma homogeneity. The larger available pump capacity
in Magnum-PSI will enable operation at higher hydrogen flow rates, which will
further facilitate this process.

The development of a non-conductive coating or (e.g. ceramic) insert on the
inside of the discharge channel would remove the need for separate cascade plates
and hence remove a large number of components from the design: O-rings, BN
isolators, mechanical stabilization, water-cooling connections, etc. This would
enable a multi-channel arc source design with completely independent, closely
packed channels. This would eliminate the influence of the cathode position on
the source stability discussed in section 4.3.

4.6 Conclusions

The discharge channels of a three-channel cascaded arc operate independently
and the output of each of the three channels is the same as that of a single
channel cascaded arc. The overall gas and energy efficiency are independent of
the number of discharge channels. The plate cooling design shown in Fig. 4.2
is adequate at the investigated power levels. Argon plasma from three separate
discharge channels merges into a single beam in magnetic fields up to 1.6 T. This
approach increases the overall plasma diameter to over 5 cm (at 0.4 T, over 3
cm at 1.6 T) at ion flux densities of 1024 m−2s−1 and power densities up to 3.5
MWm−2. With the current experimental setup, no mixing or overlap of the three
beams is observed during hydrogen operation. Drawing an electron current to a
ring electrode surrounding the full plasma beam can improve the homogeneity.
The inner diameter of the ring electrode needs to be carefully matched to the
plasma diameter in order to draw significant currents to it in strong magnetic
fields.
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Chapter 5

Efficient production of a
high power magnetized
hydrogen plasma jet with an
optimized cascaded arc
source

To be submitted to Physics of Plasmas

Abstract
A magnetized hydrogen plasma jet with power flux density ≤80 MWm−2 at elec-
tron density ≤3 · 1021 m−3 and electron temperature ≤3 eV, was generated with
a cascaded arc source (7 mm bore discharge channel, ≤600 A plasma current,
operated in a magnetic field ≤1.6 T). The source was optimized for efficiency by
minimizing the channel length. The discharge was shown to be fully developed
within 5 mm. Owing to the magnetic field, the necessary pressure build-up was
achieved with a channel length of only 15 mm. 12% power efficiency (power to
target/total input power) and 40% gas efficiency (ion flux in beam/total particle
input) were demonstrated at a target at 56 cm distance from the source. This
enables exposures of targets to particle and energy fluxes an order of magnitude
higher than those expected in ITER.
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5.1 Introduction

The cascaded arc is a high pressure, wall-stabilized DC arc discharge with a seg-
mented wall, which is used in many industrial and laboratory applications. We
use it as a high-flux hydrogen plasma source for plasma-wall interaction research
in conditions similar to those in future fusion reactors [20]. This application
demands high power operation, which inspires an investigation into the improve-
ment of the source efficiency (see chapter 2 and chapter 3). The current part of
this optimization process concerns the following question: what is the optimal
length (L) for the discharge channel of a cascaded arc hydrogen plasma source at
externally applied magnetic fields between 0 and 1.6 T? The goal of this paper
is to evaluate the total hydrogen ion flux and efficiency to a target at 0.6 m of a
cascaded arc with an optimized channel length.

We have identified five aspects to the question of what is the optimal length
(L). First, axial profiles of the plasma parameters (reff , T̂e, α) in the discharge
channel were previously not considered, but may affect how the performance de-
pends on L. The arc plasma requires a certain distance to develop after emanating
from a small cathode spot (typically ∼0.2 mm radius, see e.g. [60]). Additionally,
the pressure decreases and the flow velocity increases from the entrance to the
exit, which affects the local particle and energy balances. The second (related)
aspect of the length optimization is the energy efficiency ε = Pout/Pin. A sig-
nificant fraction of the input power is lost to the channel wall during hydrogen
operation (see e.g. [24]). This provides a major challenge for the design of the
source cooling at the power levels relevant to our application. The arc resistance
and input power are expected to decrease when the channel is shortened. The
energy efficiency then improves if the plasma production decreases less than Pin

does. Third, the B-field, applied in our experiment to transport the plasma to
the target, changes the power dissipation and production and hence possibly the
influence of L. The fourth aspect is the pressure buildup in the source, which is
expected to become less with shorter arcs on the basis of standard fluid mechan-
ics (e.g. [30]). Below a certain minimum pressure in the discharge channel, the
energy of ions impacting the cathode surface will exceed the sputtering threshold.
This boundary condition on pinlet is empirically determined to be ∼50 mbar. The
fifth and final aspect of the optimization is simplicity. Both the number of poten-
tial failure points and the complexity of the cooling system are reduced when the
number of cascade plates is reduced.

The starting point for the source development program was a 4 mm diameter
(d), 37 mm long, five plate cascaded arc designed by Kroesen et al.[2], typically
operated at 50 A current (I) and up to 3.5 standard liters per minute (slm) gas
flow rate (Φ) [1]. It was chosen for its capability of producing relatively high
plasma fluxes at low temperatures and its stability. Operating on argon, the
energy efficiency (ε) was of the order of 10% and the Ar+ production efficiency
was ∼15% (see e.g. [61]). During hydrogen operation, both the energy efficiency
and gas efficiency (β) were of the order of a few percent near the source exit
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[21, 8]. The channel diameter was widened to allow for high power operation,
which improved the gas efficiency to ∼20% at low flow rates (∼2 slm) and the
energy efficiency to ∼7% at high flow rates (∼10 slm). Simultaneously attaining a
high gas and energy efficiency proved to be a challenge, particularly at a target at
some distance from the source. The strong axial magnetic field used to confine the
plasma during transport was shown to lead to extra power dissipation and plasma
production in the magnetized plasma beam outside the discharge channel [14, 28].
The effective radius (reff) of the electron temperature (T̂e) profile was found to
be an important parameter for the arc resistance (and hence input power) and
plasma production in chapter 2. The source inlet pressure (pinlet) was empirically
found to be compatible with Poiseuille flow with a negligible exit pressure (pexit)
in that same chapter. In chapter 3, a method was developed to determine T̂e from
the particle balance and the ionization degree α from the energy balance.

The structure of the paper follows the aspects listed above. Section 5.2 intro-
duces the experimental setup. In section 5.3, the power dissipation in the source
at B = 0.0T is investigated with voltage and calorimetry measurements. Section
5.4 concerns the influence of B on the power dissipation. The pressure buildup in
the discharge channel is investigated in section 5.5. In section 5.6, the source effi-
ciency at B = 1.6T is measured at a remote target. Each section is divided in two
parts: one with the experimental results and one containing the interpretation.

5.2 Experimental setup

The cascaded arc consists of a stack of water-cooled copper plates, electrically
isolated from each other by boron-nitride (BN) spacers, vacuum sealed by Viton
O-rings and mechanically stabilized by PVC spacers outside the O-rings. Seven
millimeter diameter cylindrical holes in the plates together form the discharge
channel, which has a 6.4 mm diameter lanthanized tungsten cathode 3 mm in
front of the inlet and a 6 mm thick, 7.5 mm diameter bore, grounded, tungsten-
copper (75-25%) anode at the exit, as shown in Fig. 5.1. Two to five cascade
plates of either 5 or 6 mm thick set the discharge channel length. We define two
lengths: i) the arc length Larc, measured from the cathode tip to the entrance
plane of the anode, which is used in the analysis of voltage data; ii) the channel
length L, which is used in the analysis of the pressure data. The definition of Larc

was based on the work of Qing [24], which showed that the equipotential planes
reside close to the cathodic side of the plates. Larc was varied between 17 and
34 mm and L between 19 and 36 mm. Hydrogen gas was fed into the discharge
channel at a constant flow rate of 6 slm and ionized by a discharge current of 200
to 600 A (input power up to 70 kW), which was provided by a current-stabilized
power supply custom-built by the Eindhoven University of Technology.

The cascaded arc plasma sources were tested in the linear plasma generator
Pilot-PSI [20], which consists of a 40 cm diameter, ∼1.5 m long vacuum chamber
surrounded by five oil-cooled copper coils. The vessel is pumped down by two
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Figure 5.1: Schematic drawing (to scale) of the discharge channel of the cascaded
arc, pictured with four plates. The arc length and channel length are indicated
as explained in the text. The tip of the cathode is located 4 mm in front of
the entrance of the channel. The main diagnostics in the source are calorimetry,
cathode and floating plate voltages, and inlet and exit pressure.
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4000 m3hr−1 roots blowers, keeping the vessel at a pressure of 10 Pa during
source operation. A coil current of up to 10 kA produces an axial magnetic field
of up to 1.6 T in pulses of up to 10 seconds long. The water-cooled target is
mounted at 0.6 m distance from the source exit.

The (negative) arc voltage Varc and floating potentials of the cascade plates
relative to ground were reduced by a factor 40 with a voltage divider, digitized
by a 12-bit ADC and recorded at ∼10 Hz. The variability in these measurements
was typically 5%, caused by e.g. the age of the cathode. The variability in the
plate voltages was larger (up to 10%), which we believe to be caused by changes in
resistance between consecutive plates due to metal deposition on the BN isolators.
The inlet pressure was measured with a Baumer sensopress membrane gauge
connected to the gas feed line to the source. The exit pressure was measured with
an identical gauge via a small hole in the BN spacer between the last cascade
plate and the anode plate that continued into the last plate (see Fig. 5.1). Flow
meters and thermocouples measured the water flow rates (∼10-15 l/min) and
incoming/outgoing temperatures (∼25◦C) of the high pressure (∼15 bar) cooling
water for all plates. All these signals were digitized and recorded by the same
ADC. In thermal equilibrium the power absorbed by a plate is calculated with

Pcool = Cp(Tout − Tin)φ̂ ≈ 69.7(Tout − Tin)φ [W ], (5.1)

where Cp = 4.18 · 103 Jkg−1K−1 is the heat capacity of water at 25◦C, φ̂ is the
mass flow rate in kgs−1 and φ is the flow rate in l/min. All measurements at
I = 200 A and B = 0 T were performed in steady-state, with typical averaging
times of 10-20 seconds. For all other measurements the field and current were
ramped simultaneously in one second from the steady-state value to the required
value, stabilized for 2.2 seconds and then ramped down again in one second. In
this case, the total absorbed energy was calculated by integrating the cooling
power until the system was back in thermal equilibrium (lasting up to several
minutes).

The target of Pilot-PSI has a similar system water cooling system, operated
at a lower pressure (3 bar) and flow (2 l/min). Grafoil was used to improve the
thermal contact between the copper target plate and the water-cooled heat sink.
Similar to the source calorimetry, the total absorbed energy was measured by
integrating the cooling power until thermal equilibrium was reached. This was
divided by the time the beam was on target to attain the power on the target.

Lateral ne and T̂e profiles were measured with Thomson scattering (TS). The
532 nm light of a 5 Watt, 10 Hz Nd:YAG laser was focused to a beam waist of
0.7 mm and passed vertically through the vessel at 2 cm in front of the target (at
56 cm from the source). At the (high) electron densities reached in Pilot-PSI, a
2 second integration time is long enough to obtain low statistical errors with TS
[27]. The Thomson scattered light of 20 pulses was collected at a 90◦ angle to the
beamline, imaged onto a fibre array and relayed to a 1 m Littrow spectrometer,
spectrally and spatially resolved and recorded with an ICCD camera. ne was
absolutely calibrated with Rayleigh scattering on a known density of argon gas.
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5.3 Axial evolution of the hydrogen arc (B=0 T)

5.3.1 Experimental results

Figure 5.2 shows the measured arc voltage as a function of the arc length Larc at
currents of 200 A and 400 A. The arc voltage is independent of the arc current for
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Figure 5.2: Measured voltage as a function of the arc length at 200 and 400 A
discharge current. The voltage is linear in Larc and independent of I, implying
that the input power decreases with decreasing channel length. The shaded area
indicates a possible cathode fall of 10 ± 5 V.

all arc lengths, which is in line with the flat I-V characteristic found for hydrogen
arcs in earlier work (chapter 3). Varc and hence the input power decrease linearly
with decreasing channel length. The graph shows a linear fit through the data
with the y-intersect fixed to 10 V, as discussed below.

Figure 5.3 shows the axial profiles of the local electric field and P
∗
cool

, the
plate cooling power normalized to 5 mm thickness, for sources with two to four
cascade plates operated at 200 A. The local E-field was determined by dividing
the difference between the floating potentials of consecutive cascade plates by
the distance between the upstream edges of the plates. The measured floating
potential was assumed to represent the E-field at the upstream edge of the plate,
based on the same argument used in the definition of Larc (see [24]). The E-field
is constant (E ≈ 2.3±0.5 kV/m) within the error bar inside the discharge channel
and is independent of the channel length. E is a factor 2-3 higher in the region
between the cathode tip and the first plate. It does not significantly depend on L
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Figure 5.3: The axial profile of the E-field and cooling power for two to four plate
sources operated at a discharge current of 200 A. The E-field was determined from
the voltage differences between consecutive plates. Both profiles are flat inside
the discharge channel within the error bar. The E-field is 2-3 times larger in the
region between the cathode and the first plate, caused by the cathode fall and arc
development.
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here. The axial profile of the power dissipated to the channel wall is shown in the
bottom graph. The last point in each data series is the cooling power of the anode
plate. The calorimetry data also show a flat axial profile that is independent of
the channel length within the error bars (except for a single measurement).

5.3.2 Interpretation

The question that drives the interpretation of these results is: how do the input
power and plasma production change when we shorten the discharge channel?
The change in Pin is effectively plotted in Fig. 5.2, showing linear dependence on
Larc. Figure 5.3 shows that the resistance profile (� = R per unit length) is flat
and that the total resistance is simply determined by Larc. The plasma resistance
scales like � ∝ T̂

−3/2
e r

−2
eff . The axial E-field profile in Fig. 5.3 furthermore shows

that � reaches an equilibrium value within ∼4 mm from the cathode tip. The local
E-field at the entrance includes the cathode fall, which is an additional voltage
drop over a ∼µm thick (current-carrying) sheath. The cathode fall has a value of
10± 5V, depending on conditions, and is therefore responsible for ∼2-3 kV/m of
the ∼4 kV/m extra average E-field in the cathode region. The value of 4 mm is
therefore an (estimated) upper limit on the equilibriation length. The cathode fall
is indicated in the bottom of Fig. 5.2. The fact that the fit with the y-intercept
constrained to 10 V goes through all data points is consistent with the constant
resistance profile.

The electron plasma parameters T̂e and reff determine � and E. The power
deposited in the active center reaches the channel wall and determines Pcool via
(diffusion and thermal conduction of) the heavy particles (see chapter 3). The
Pcool data in Fig. 5.3 suggest that T̂h also reaches an equilibrium value within
4 mm from the cathode. The heavy particles are heated by Coulomb collisions
between the electrons and ions. The energy equilibration time between electrons
and ions is calculated by [51]

τ
E

ei
= 1.8 · 1026 mpT̂

3/2
e

(me)1/2ne lnΛ
≈ 4 · 10−8 [s], (5.2)

where we have used ne ≈ 4 · 1021 m−3 and T̂e ≈ 2.5 eV, as given by the model of
chapter 3. With an axial velocity of a few times 103 m/s, this gives an equilibria-
tion length of the order of 0.1 mm, which is consistent with the data.

Based on this study of the power dissipation, we infer that i) the input power
decreases linearly with L at a given current; ii) the output of the hydrogen cas-
caded arc is likely independent of L; iii) the energy efficiency likely increases with
decreasing L. This is to be confirmed by a direct measurement.
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5.4 Influence of magnetic field on source opera-
tion

5.4.1 Experimental results

The application of an axial magnetic field causes the discharge current path to
extend into the plasma beam outside the source [14, 28]. We measured the arc
voltage as a function of B for all sources to investigate how the power dissipation
in the beam depends on the channel length. Varc was averaged over one second,
starting 0.3 seconds after B reached its set value. Figure 5.4 shows the results of
the measurements at 200 A current (steady-state). Varc increases linearly with B

Figure 5.4: The arc voltage as a function of the B-field for all channel lengths at
200 A current. Varc increases linearly with B and the voltage caused by B does
not depend on L.

for all L. A 1.5 T field roughly doubles Varc (two plates: factor 2.4; five plates:
factor 1.8). The slope of the fitted lines is a measure for the amount of input
power dissipated in the plasma beam, which is independent of the channel length
within the error bar. These trends are independent of I (not plotted).

Figure 5.5 shows the axial profile of Ez and Pcool at 1.6 T for sources with two
to four cascade plates. Ez was determined in the same way as in Fig. 5.3. The
E-field in the cathode region was not shown for clarity and the channel exit was
taken to be z = 0. Pcool was calculated by integrating ∆Pcool = Cp(Tout−T

SS

out
)Φ̂

(with T
SS

out
the steady-state temperature) from the start of the pulse until the

system was back in thermal equilibrium (∼30 sec), dividing this by the effective
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pulse duration of 3.2 seconds and adding it to the steady-state cooling power. The
values are normalized to a plate thickness of 5 mm, because some plates were 6
mm thick. The data for B = 0.0 T are shown for reference (open symbols). The

Figure 5.5: The axial profiles of the E-field and cooling power per plate, normal-
ized to a 5 mm plate thickness, in a 1.6 T magnetic field at 200 A. The power
dissipation at the anode increases by approximately a factor 3 when the B-field
is turned on.

Ez and Pcool profiles qualitatively show the same features. The B-field causes the
power dissipation in the anode region to increase by roughly a factor of three.
The dissipated power at the cascade plates near the exit is higher at 1.6 T than
at 0.0 T. At the plates near the entrance the dissipated power is lower with the
B-field. Both axial profiles are independent of L when the channel exit is taken
as the reference point.

5.4.2 Interpretation

The observed Varc ∝ B dependence in Fig. 5.4 is consistent with the current
penetrating into the magnetized beam (see [28]). The current penetrates deeper
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into the vessel at higher magnetic field strengths, as the cross-field transport is
further inhibited. The observation that the voltage caused by B does not depend
on Larc indicates that Rbeam depends only on the local plasma parameters and
not on the physics in the discharge channel. Larc has a relatively small effect on
Pin at 1.6 T due to the increase of Varc with B.

The strongly increased power dissipation at the anode shown in Fig. 5.5 is
explained by three possible processes: i) part of the current crosses the magnetic
field already in the anode, which locally increases the power dissipation; ii) part
of the power dissipated in the beam is conducted back to the anode; iii) extra
power is dissipated by the discharge current crossing an anode fall.

The main parameter determining the influence of the magnetic field on the
plasma is the Hall parameter, which for electrons is [51]

He = ωc,eτei ≈ 9 · 1021 BT̂
3/2
e

ne

. (5.3)

Here we have used that in our conditions ln Λ ≈ 7. We find He ∼ 10 at 1.6 T
with the calculated plasma parameters in the discharge channel (T̂e = 2.2 eV,
ne = 4− 6 · 1021 m−3, from chapter 3) and note that Hi < 1. The magnetization
reduces radial particle and energy transport, which explains the observed decrease
in power dissipation near the entrance, either because the power dissipation de-
creases (due to changes in the particle and energy balances) or because the wall
becomes somewhat decoupled from the plasma. The increasing axial profile to-
wards the exit can be explained by an increasing radial component of the E-field
and/or a decreasing He (due to an increasing ne).

We conclude that the magnetic field affects the power dissipation both in- and
outside the source channel. Most importantly, the large power dissipated outside
the source is independent of Larc. The data furthermore show that removing
a cascade plate effectively removes the “first” plate at the entrance. This has
relatively little effect on the overall source operation, because the local power
dissipation is small near the entrance.

5.5 Pressure buildup in a hydrogen arc

5.5.1 Experimental results

We have plotted the measured inlet pressure as a function of L for I = 200 and 400
A in Fig. 5.6. The two open symbols on the y-axis represent the pressure measured
at the exit of the 36 mm long channel. The data show that at both currents,
the inlet pressure increases by ∼30% when the channel length is approximately
doubled from 19 to 36 mm. The shaded area in the bottom is explained below.
The exit pressure approximately doubles when I is doubled. The pressure drop
over the channel, ∆p = pinlet − pexit, does not strongly depend on I. The curves
in the figure are fits of the data based on Poiseuille flow and are explained below.
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Figure 5.6: Measured pressure at the arc inlet as a function of the channel length
for currents of 200 and 400 A. The datapoints on the y-axis are the measured
pressures at the exit of the discharge channel of the 31 mm long cascaded arc.

Figure 5.7 shows the inlet and exit pressure as a function of the magnetic
field in the five plate source for currents of 200, 400 and 600 A. The figure shows
that pexit increases approximately linearly with both B and I, while ∆p remains
approximately constant. At all currents, pexit approximately doubles when the
B-field is increased from 0.0 to 1.6 T. At the highest current and field, the exit
pressure is 115 mbar, which is 75% of the inlet pressure.

We have plotted pinlet as function of L at a magnetic field of 1.5 T and 200,
400 A current in Fig. 5.8. The inlet pressure is independent of L within the error
bar. Doubling the discharge current almost doubles pinlet.

5.5.2 Interpretation

∆p was found to be compatible with compressible Poiseuille flow through a cylin-
drical tube in chapter 2. Accordingly, the data in Fig. 5.6 were fitted with curves

pinlet =
�
p
2
exit

+ aL
�1/2

, (5.4)

where pexit was fixed to the value measured with the five plate source. The fit
agrees well with the data and gives a reasonable value for a, i.e. a reasonable value
for the viscosity (compared to [31]) and heavy particle temperature (compared
to chapter 2) that are contained in a. The fit only produces realistic a’s if pexit
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Figure 5.7: The measured inlet and exit pressure as a function of the applied
magnetic field strength for the 5-plate source operated at 200, 400 and 600 A.
The exit pressure increases significantly with B, while the pressure drop over the
channel remains constant (200, 600 A) or even decreases (400 A). pexit sets up to
75% of the channel pressure in a magnetic field of 1.6 T.
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Figure 5.8: The inlet pressure as a function of L in a magnetic field of 1.6 T at
200 and 400 A. pinlet is independent of L within the error bar and proportional
to I.

has a non-negligible value, which is consistent with the measurements (we note
that pexit was negligible for the conditions in chapter 2). The small variation of
pinlet with L is explained by the value of pexit, the relatively small viscosity of
H2 plasma (compared to e.g. argon) and the relatively large channel diameter (7
mm).

The pressure at the channel exit is, by definition, given by

pexit =
4(T̂h + αT̂e)eΓin

H

vzπd2
. (5.5)

We expected sonic flow (vz = cs ≈ 104
�

T̂h) at the channel exit based on standard
fluid mechanics and previous work [refs]. The pexit indicated by the shaded area
in Fig. 5.6 was calculated from this condition, using the model values for the
plasma parameters and agrees well with the measured value at 200 A. However,
pexit increases with B and I to up to 115 mbar, which is much higher than the
maximum reasonable exit pressure of ∼60 mbar at which M = 1 is still reached
(calculated by substituting T̂h = T̂e = 3.5 eV, α = 1 in Eq. (5.5)). We conclude
that the flow remains sub-sonic at high B and I. This is understood from two
plasma properties in the anode region: i) the plasma was in section 5.4 shown to
be magnetized in the discharge channel, implying also that the expansion into the
low-pressure vacuum chamber is not free; ii) the pressure drop in the magnetized
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plasma between the channel exit and the beam is fairly small due to the extremely
high electron densities reached in Pilot-PSI (see TS measurements below). The
plasma pressure in the beam increases linearly with Pin (chapter 2 and below),
i.e. with I and B, which explains the measured increase in pexit. The observation
that pexit also increases with I at B = 0.0 T indicates that the plasma parameters
(T̂e, T̂h, α) and possibly an induced poloidal magnetic field also play a role in
determining pexit. Finally, the independence of pinlet of L shown in Fig. 5.8 is
explained by the fact that it is largely determined by pexit in these conditions.

We conclude from the pressure measurements that shortening the discharge
channel does not lead to (problems related to) an insufficient pressure in the
investigated conditions (d = 7 mm, 6 slm), particularly when a magnetic field is
applied. Based on these results, one should be aware of possible changes in vz

with conditions. The relatively large pexit and relatively small ∆p (partly) explain
the flat E profile observed in section 5.3.

5.6 Efficiency to the target of Pilot-PSI

5.6.1 Experimental results

The source efficiency was measured at a target at 58 cm from the source using
calorimetry and Thomson scattering. We performed TS measurements at both 5
and 56 cm from the two plate source (at I = 400 A and B = 1.6T) to assess to
what extend the plasma parameters at the target represent those near the source.
The resulting ne and T̂e profiles are shown in Fig. 5.9. The ne profiles show that
in these conditions the peak density does not decrease much between source and
target (by ∼15% to 3 · 1021 m−3). The plasma does cool from 3.4 eV at z = 5 cm
to 2 eV at z = 56 cm. Both profiles widen during transport.

We have plotted the power to the target, Ptarget, and the integrated electron
density, Ne =

�
ne(r)2πrdr, as a function of I at B = 1.6 T in Fig. 5.10. Ptarget

increases with I, up to 8 kW at 600 A with the four plate source. The sources
with two and four plates deposit the same amount of power onto the target, which
is higher than what is delivered by the five plate source. The slope of the graphs
decreases with increasing I. The Ne data similarly show a linear increase with I.
No significant length dependence is observed in these data.

Finally, Fig. 5.11 shows the energy efficiency ε = Ptarget/Pin (in percent) and
NeP

−1
in

(in arbitrary units) as a function of Larc at 400 A and 1.6 T. ε increases
with decreasing length from 8% at Larc = 34mm to 12% at L = 18mm, i.e. a
50% improvement. NeP

−1
in

has an optimum at four plates (Larc = 28 mm).

5.6.2 Interpretation

The integrated density Ne is larger at the target than at the source due to a larger
beam width (Fig. 5.9). Factors that may have influenced this are i) ionization
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Figure 5.9: Lateral ne and T̂e profiles, measured at 5 cm from the source exit and
at 2 cm in front of the target at 56 cm distance from the source. The discharge
current was 400 A, the magnetic field 1.6 T and the background pressure 10 Pa.
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Figure 5.10: Ptarget and Ne as a function of I for sources with 2,4 and 5 plates,
operated at 6 slm H2 in a 1.6 T magnetic field. The two- and four-plate sources
have the same output, reaching 8 kW at 600 A of current, while the five-plate
source deposits 6.5 kW at that current.
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Figure 5.11: The energy efficiency as measured by target calorimetry at 400 A
as a function of Larc. ε increases with decreasing channel length. The maximum
efficiency is 12% at L = 15 mm.

caused by the power dissipation in the beam (see Fig. 5.4) with the relatively high
plasma temperature of 2-3 eV; ii) interactions with the background gas, such as
charge-exchange, possibly followed by molecular activated recombination [22, 21].
The effect of such interactions on the total plasma flux is expected to be fairly
limited in ionizing plasmas of 2-3 eV [38], but they can contribute to cross-field
transport and cooling (as appears to be the case in Fig. 5.9). Both the power
dissipation in the beam and the background pressure are independent of L, so the
effect of L on the plasma production is expected to still be visible. One should
however be careful in determining absolute convective fluxes from the TS data,
because vz depends on the details of the expansion, the plasma pressure (see
section 5.5) and interactions with the background gas.

The maximum Ptarget = 8 kW equates to an average power density of Q ≈
50MWm−2 within the 1/e width of ∼15 mm of the plasma beam. We esti-
mate a total ion flux of 2 · 1021 s−1 from this power, because each electron-ion
pair convectively carries ∼25 eV of energy (2.3 eV for dissociation, 13.6 eV for
ionization, 2 × 5/2T̂e ≈ 9 eV thermal energy). This implies a gas efficiency of
β = 40% as 6 slm H2 gas = 5 · 1021 H atoms s−1. The Bohm ion flux Γ = 0.5necs

[59] reaches 2 · 1025 m−2s−1 in the center of the profile of Fig. 5.9, which gives
Qpeak ≈ 85 MWm−2. This TS measurements gives the same value for the gas
efficiency (40%), if the previously measured axial velocity of 3 kms−1 (see chapter
2) is also used here (which, as explained, may not be valid). We furthermore
performed ion saturation current measurements with the two plate source by neg-
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atively biasing the target. The data were not plotted, because the current limit of
the target power supplies (300 A) was reached at B = 0.8 T and I = 400 A and
because the target bias may have affected the voltage distribution in the plasma.
Given these disclaimers, we note that Isat = 300 A equates to the same ion flux
of 2 · 1021 s−1 and thus also gives β ≈ 40%.

The absolute measurement of ε using calorimetry shows that shorter arcs are
better, which is partly explained by a lower Pin (Fig. 5.4) and partly explained
by the higher target power (Fig. 5.10). The higher target power may be related
to a higher T̂e at smaller L (T̂e = 2 eV with two plates, T̂e = 1.65 eV with five
plates, not plotted). High gas and energy efficiencies were simultaneously reached
by using a small L, high I and B and a moderate Φ.

5.7 Discussion

The good source efficiency at high I and B calls for a further expansion of the
operational regime. However, the power load on anode surface limits a further
increase of the input power, as wall loads up to 90 MWm−2 have already been
reached at the current upper limits of B and I. This is an order of magnitude
higher than what is expected at the ITER divertor surfaces. Such power densities
can melt the tungsten-copper surface, despite high pressure water cooling. In-
creasing the bore diameter (i.e. surface area) of the anode may mitigate this, but
an increase in local E-fields (possibly leading to arcing between source parts) and
power dissipation should be taken into account. Using a slightly inclined anode
surface or an additional external ring electrode are other options to decrease the
wall loading. Constraining the operational regime to a narrow range of currents
and B-fields may facilitate an improved anode design.

The results of section 5.3 confirm that solving the particle and energy balances
averaged over the channel length, as was done in chapter 3, is valid. The results
of section 5.4 indicate that the influence of the B-field can not simply be added
to the description via a new separate independent parameter. The description of
the diffusion towards the channel wall must be modified to include the confining
effect of the magnetic field.

5.8 Conclusions

A 7 mm diameter hydrogen cascaded arc was successfully optimized by shortening
the discharge channel from 34 to 18 mm, as measured by the following metrics: i)
the energy efficiency to a remote target increased from 8 to 12%; ii) the channel
pressure, which was found to be determined by the plasma parameters at the
channel exit, remained sufficiently high; iii) the source complexity was reduced.
The source output was found to be independent of Larc, because the hydrogen
arc plasma reaches an equilibrium within ∼4 mm from the cathode and remains
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constant beyond that. A 1.5 T applied B-field magnetizes the plasma in the
discharge channel, causes power dissipation in the plasma beam (independently
of Larc) and thereby affects the flow through the channel. Particle and energy
fluxes an order of magnitude higher than those expected in the ITER-divertor
were created at up to 12% energy and 40% gas efficiency.



Chapter 6

Evaluation and Outlook

6.1 Result of the source development

In chapter 1, the goal of this thesis was stated as follows:

“The main research question of this thesis is: with what discharge
geometry (diameter, length) and operational parameters (current, gas
flow rate, B-field) are the gas and energy efficiency of a hydrogen
cascaded arc optimal? The boundary conditions to this question are
that i) the set requirements on the plasma parameters at the target are
met; ii) the gas efficiency is at least 20%; iii) the energy efficiency is at
least 10%; iv) the optimization is guided by an understanding of the
main physics of the source. Technologically, the goal is to simplify the
source design, thereby reducing the number of possible failure points
and the demands on the infrastructure.”

The starting point for this research was a 4 mm diameter cascaded arc, which was
designed at the Eindhoven University of Technology for surface treatment appli-
cations [62]. The gas and energy efficiency during argon operation were ∼10% in
the TU/e experiments [2], but both numbers dropped to ∼3% during hydrogen
operation [7] (at 50 A current, 3.5 slm gas flow rate; gas efficiency defined by the
ionized fraction of the ingoing atomic hydrogen flux). In explorative experiments
on Pilot-PSI, the source current was increased to 100 A. This improved the es-
timated gas efficiency at 4 cm distance from the source to ∼10% [1] at a similar
energy efficiency. The efficiency at the target of Pilot-PSI remained negligible.

The requirements of Magnum-PSI set a very concrete goal for this research
project. These requirements are summarized in Table 6.1, together with the
results obtained in the course of this thesis work, in particular with the final
result of the development process: a cascaded arc with a 7 mm diameter, 18 mm
long discharge channel, a 7.5 mm diameter nozzle, which was operated at Φ = 6
slm, I ≤ 600 A and B = 1.6 T (see chapter 5). The table shows that most
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Quantity Requirement Result Difference
Ion flux density 1024 m−2s−1 2 · 1025 m−2s−1 20× �
Total flux 4 · 1021 s−1 2 · 1021 s−1 1

2× ∼�
Temperature 1-3 eV 2 eV �
Beam width 10 cm 2 cm 1

5× -
Gas efficiency 20% ∼40% 2× �
Energy efficiency 10% 12% 1.2× �

Table 6.1: Overview of Magnum-PSI requirements and experimental results ob-
tained with the 7 mm diameter, 18 mm long source described in chapter 5.

requirements were met and, in several cases, significantly exceeded. The total
flux requirement was not met with the mentioned operational parameters, but
this is not a fundamental point: we could not test larger sources in the Pilot-
PSI setup due to limitations of power supplies and pump capacity. A relatively
minor upscaling of the source (possibly featuring multiple channels) will bring the
required total flux. The only parameter that is still significantly below the target
value is the width of the beam. We will discuss this and other differences between
the requirements and results in more detail in section 6.2 below.

The values in Table 6.1 represent only a small subset of the achieved plasma
parameters with the hydrogen cascaded arc. Figure 6.1 gives an overview of
all electron densities and temperatures measured with Thomson scattering at
the target of Pilot-PSI. The electron densities span three orders of magnitude
between ne = 1019 and 1022 m−3 at electron temperatures between 0.1 and 5
eV. The diagonal lines represent constant (Bohm) flux densities (= 0.5necs), as
calculated using standard sheath theory [59]. The red line represents the nominal
ITER value of 1024 m−2s−1. Flux densities up to two orders of magnitude higher
than this value have been achieved. The measured electron temperatures fully
cover the ITER-relevant range of values.

Having discussed the boundary conditions of the stated goal, we now treat the
research question in terms of scaling laws for the output and efficiency for each
of the investigated parameters.

Channel diameter The channel diameter was found to not significantly affect
the output and efficiency. The main reason to increase the channel diameter
is to allow for operation at higher input powers (Qwall ∝ Pind

−1). This
increase is limited by the pressure in the channel, which scales as ∆p ∝ d

−2.
A strong magnetic field increases pexit, which helps to keep the channel
pressure sufficiently high.

Channel length The length was found to not affect the output and gas efficiency
at a given current, down to a minimum length of 5 mm (chapter 5). The
practical minimum channel length with a single cascade plate in the current
source design is ∼1 cm. The energy efficiency increases with decreasing



6.1. RESULT OF THE SOURCE DEVELOPMENT 107

Figure 6.1: Overview of conditions reached at the target of Pilot-PSI, measured
using Thomson scattering. The measured electron density spans three orders of
magnitude between ne = 1019 and 1022 m−3. Electron temperatures between 0.1
and 5 eV were obtained. The diagonal lines represent a constant (Bohm) flux
density, as calculated using standard sheath theory. The red line at 1024 m−2s−1

represents the nominal ITER value. Flux densities up to two orders of magnitude
higher than this value have been reached, enabling high fluence exposures in short
times, investigations of the recycling of erosion products at the present beam
diameter and off-nominal events (e.g. ELMs).
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length like ε ∝ L
−1 (at B = 0 T), because Pin ∝ L.

Source current The output and gas efficiency were found to be proportional
to the input power, which is mostly determined by and proportional to the
source current (tested up to 900 A). The energy efficiency is thus indepen-
dent of the input power. The maximum source current is limited by the
power load on the channel wall.

Hydrogen flow rate At constant input power, the output and energy efficiency
increase with approximately Φ0.5, implying that the gas efficiency decreases
with increasing flow like β ∝ Φ−0.5. The boundary conditions on Φ are
set by the minimum pressure in the channel (∆p ∝ Φ0.5) and the desired
pressure in the vacuum vessel (pvessel ∝ Φ), which also depends on the
available pump speed.

Magnetic field The input power was found to increase linearly with the mag-
netic field (mostly) due to extra dissipation in the magnetized beam. This
also linearly increases the plasma production and thereby the gas efficiency.
This is limited by the power load on the wall of the anode.

These scaling laws were formulated on the basis of experiments and theoretical
modeling. Lacking detailed measurements of the profiles and variations of the
plasma parameters inside the discharge channel, assumptions had to be made on
the heavy particle temperature (indirect measurement, assumed constant), optical
density (assumed optically thin) and radial ion density gradient (assumed to have
a gradient length of the order d/2). Due to the nature of these assumptions, the
calculated efficiency of the source in zero magnetic field may be underestimated,
particularly at high input power (see chapter 3).

In conclusion, almost all goals set at the start of the development program
were reached and simple guidelines for further optimizations have been formu-
lated. A model for the source efficiency was developed that just requires simple
measurements of the arc voltage and pressure as input. The gained insights into
the source physics are discussed in section 6.3 below. Finally, the number of
vacuum seals, source components and water connections was greatly reduced by
decreasing the number of cascade plates and changing the source design to accom-
modate a single thick cathode instead of three smaller ones. The technological
goal of a simplified source design was therefore also reached. We will now discuss
how the differences between the requirements and results influence the scientific
program and operation of Magnum-PSI.

6.2 Evaluation of the results

The cascaded arc was optimized to the point where flux densities of two orders
of magnitude above the nominal ITER value were achieved. Experiments that
require a high ion fluence can therefore be performed in much shorter times than
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originally anticipated. The capability to simulate extreme fluxes also enables the
simulation of off-nominal events in tokamaks, like Edge Localized Modes (ELMs)
and disruptions. Furthermore, it enables high flux exposures of targets oriented
at small inclination angles to the magnetic field. The extremely high flux density
finally has an important influence on the requirement for the beam width, as we
will now discuss. The high flux densities thus enable a more completely scientific
program to be carried out.

The parameter in Table 6.1 that was furthest from the requirement with the
single-channel 7 mm diameter source was the beam width. The 10 cm beam
width requirement was based on a calculation of the ionization mean free path of
methane (the main erosion product of carbon targets exposed to hydrogen plasma)
at ne = 1020 m−3. This MFP is inversely proportional to ne, so it is reduced to
< 1 cm in the high density range of the parameter space. Charge-exchange pro-
cesses can shorten this MFP even further in low-temperature plasmas containing
molecular ions and radicals (e.g. hydrogen plasma) [63]. This is confirmed by the
results of [64], which show that a ∼2 cm beam at ne = 1020 m−3 and T̂e = 1 eV
is already dense enough to ionize and trap a significant fraction of the eroded
carbon. The ongoing work on multi-channel sources showed that argon beams
up to 5 cm diameter can be created. This is also the main development path
for large diameter hydrogen beams. There is, however, an alternative option for
widening the beam that is inspired by both the high achieved flux density and by
techniques used in tokamaks: magnetic field flux expansion. This concept can be
tested in Magnum-PSI by moving the superconducting magnet and/or target to
a position where the target is in an expanding magnetic field.

The achieved gas efficiency of ∼40% is quite high for a hydrogen arc source,
but it can be improved further by decreasing Φ. Assuming that we want to keep
the pressure drop in the source (∆p ∝ Φ0.5

d
−2) and the wall load (Q ∝ Pind

−1)
constant, the diameter and input power should be scaled down like Φ0.25 when
the flow is reduced. However, even at the a lower input power (β ∝ Pin), the gas
efficiency will have increased like β ∝ Φ−0.25. A higher gas efficiency provides
greater flexibility in tuning the background pressure. The transport losses will
also be smaller at a lower background pressure, which implies that improvement
of the overall gas efficiency to a remote target will likely be larger than Φ−0.25.

One of the main factors that contributed to the result of this work is the high
input power. Because most of the input power is transported to the channel wall,
this leads to power loads in the source that are similar to those in the ITER
divertor. The copper cascade plates survive for up to 1-2 weeks of operation with
wall loads of up to ∼40 MWm−2, which raises the question of what design feature
enables this. The heat removal capacity of the high pressure, high flow cooling
system is ample to deal with the current power levels. The lifetime thus mostly
depends on the heat transport, i.e. thermal conductance. The large thermal
conductivity of copper and the small distance between the surface and cooling
channel keep the surface temperature well below the melting point. The steep
temperature gradients do cause thermal stresses in the material, but these do not
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lead to stress fractures in copper due to its large malleability. We note that the
input power was pulsed in the experiments at the highest input powers (Pin ∼
105 W). Those power levels caused greater wall loads than the mentioned value,
but (thermal) steady-state was not reached. The application of the magnetic field
can reduce the load on the channel wall (chapter 5), but increases the load on the
anode surface. A further reduction of the cooling channel to discharge channel
distance will enlarge the acceptable range of wall loads.

6.3 Insights in relevant source physics

The main reason for the typically low efficiency of a hydrogen cascaded arc is the
poor filling of the discharge channel with hot, current-carrying (“active”) plasma.
The filling fraction ρ

2 is determined from the measured voltage and the electron
temperature determined from the electron mass balance (which gives the plasma
resistivity). T̂e in the active plasma was found to be significantly higher (1.5− 4
eV) than previously assumed (1.2− 1.4 eV) due to the large ambipolar diffusion
losses of ions towards the channel wall in a hydrogen arc (τloss ∼ 1 µs). T̂e

was found to increase with decreasing neutral density in the channel, i.e. to be
higher in larger channels and at lower hydrogen flow rates. The data show that
ρ
2 ∝ Pin(I, p) and that complete filling occurs at Pin ≈ 65 kW (for a 3 cm long

source). The results of chapter 5 show that ρ
2 and T̂e reach an equilibrium value

within ∼5 mm from the tip of the cathode and that they are constant beyond
that. The only way to remedy a poor channel filling and thereby increase the
(gas) efficiency is to operate at high input power.

The ionization degree in the active plasma (α) was found to be higher (15 −
25%) than originally assumed (10%), which offsets the smaller than expected fill-
ing fraction. The relatively high α is caused by the extremely high power density
in the narrow current channel, despite the large power losses that low-temperature
hydrogen plasmas suffer from. The heavy particles are evidently fairly strongly
coupled to the cold channel wall, resulting in a low T̂h ≈ 0.8 eV. This causes a
large flow of energy from the electrons into the heavy particle population, which
scales like n

2
e
∝ α

2. This represents a worst-case scaling, as T̂h may increase at
high (average) ne (i.e. high Pin). Because the particle loss and radiation terms
in the energy balance also increase with increasing α, the right hand side of the
energy balance equation Qin(Pinρ

−2) = Qloss(α) is a strongly increasing function
of α. The left hand side of this equation depends only weakly on Pin, due to
its approximately linear relation with ρ

2. Solving the electron energy balance
showed that α has a maximum of ∼25% at a relatively low hydrogen flow rate
(∼2 slm), because Qloss predominantly decreases with decreasing neutral density
except at the lowest values, where electron heat conduction becomes dominant.
Values higher than α ≈ 25% are difficult to obtain without applying a magnetic
field (as discussed below) due to the strong increase of Qloss with α.

The processes described above imply that the optimized source described in
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chapter 5 would have a gas efficiency of 10 − 15% and an energy efficiency of
∼5% without a magnetic field. A 1.6 T field causes a 2.5× increase in the input
power of the two plate source. This extra power is dissipated in the magnetized
plasma beam outside the discharge channel via the current extension mechanism
described before [14, 28]. In the nozzle region, where the neutral background
density is still high, this leads to extra ionization, which increases β. The power
dissipated in the beam can further raise T̂e and T̂h, reducing plasma recombination
rates, and compensates energy losses caused by interactions with the background
gas. We found that (Ranode − reff), and not (Ranode − Rchannel), determines
the extra power dissipation in large diameter sources as evidenced by the large
effect of the magnetic field with only Ranode − Rchannel = 0.5 mm. The results
of chapter 5 showed that the influence of the magnetic field is not confined to
the plasma outside the discharge channel. When the plasma is magnetized inside
the discharge channel, diffusion and conduction losses to the channel wall are
reduced and a (partial) decoupling of the heavy particles from the channel wall
may increase T̂h, thereby decreasing Qei. Since the resulting decrease in Qloss

leads to a higher α, this likely partly explains the high obtained efficiency. Finally,
an important part of why the cascaded arc is capable of producing such large
plasma fluxes at low temperatures is the relatively high pressure in its discharge
channel (which also assists in preventing cathode damage). The magnetic field
was found to play an important role in keeping the discharge channel pressure
sufficiently high in short, large diameter sources. A side-effect of this is that the
flow remains sub-sonic in the nozzle region of the source, but the effects described
above evidently trump an eventual decrease in axial velocity. In conclusion, the
B-field (≤ 1.6 T) plays an important role in increasing β to ∼40% and ε to
12%. The efficiency is expected to further increase in the 3 T magnetic field of
Magnum-PSI.

6.4 Outlook and valorization

This thesis work has paved the way for successful employment of the cascaded arc
in the Magnum-PSI experiment and showed that fusion-relevant plasmas can be
created with high efficiency with the cascaded arc. The high output and efficiency
of the source will enable interesting new scientific investigations (section 6.2) and
provide important operational advantages. For example, the factor two higher
than required gas efficiency has already led to significant cost savings during the
construction of Magnum-PSI, because the required number of pump units was
halved based on this work (∼0.5 Me savings compared to the original plans).
Once Magnum-PSI operates at full deuterium flux, the projected savings in deu-
terium gas will be of the order of 2 ke/hour (corresponding to an absolute reduc-
tion in flow rate by 12 slm). The reduction in the number of source components
will decrease the amount of man hours required to build and replace the plasma
source and hence the running costs. The higher pump speed and stronger B-field
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of Magnum-PSI compared to Pilot-PSI should improve the source efficiency even
further.

The development process is, however, not yet completed. The design of the
anode can be improved further to better handle the enormous heat loads during
operation in strong B-fields. The electrical insulation should be improved to pre-
vent arcing between the anode and the last cascade plate in conditions where local
E-fields are large. The development of a lasting non-conducting coating, insert
or discharge channel wall material would allow a great further simplification of
the source design and would enable multi-channel source designs with completely
independent closely packed discharge channels. Diamond theoretically is an ideal
material (particularly during carbon exposures) due to its very large thermal con-
ductivity, low electrical conductivity and high temperature resistance and can be
grown on various materials.

At present, the cathode tips are lanthanized to lower their work function. We
suggest investigating the use of thoriated tungsten cathodes, because their lifetime
and operating characteristics are expected to be better, given that proper care
is taken for their storage and handling (as they are slightly radio-active). Such
cathodes are successfully and safely used in the welding industry. Switching to a
modern fast-prototyping production technique for the cascade plates (e.g. laser
sintering) would enable the implementation of improved cooling designs. The
remaining steps of the development process are thus mainly of a technological
nature.

The results of this thesis are not only relevant to the Magnum-PSI experiment.
They are of potential use in industrial applications as well. Cascaded arc plasma
sources have been used in a variety of industrial applications to date, notably
for the treatment of surfaces. The development of this application started in
the late 1980’s at the Eindhoven University of Technology, driven by a need for
greater fluxes of highly reactive species (atomic or molecular radicals) without a
scaling to much higher input powers. It was realized that the dissociation energy
of the radicals could be stored in the ion population of a high-density plasma
and used remotely for dissociation via charge-exchange processes similar to those
described in chapter 3. Instead of having the radical production, transport and
surface treatment all confined to the same location (as is the case for e.g. RF
sources), the production was successfully decoupled from the treatment chamber
[2, 6, 5, 62]. This had three major advantages: i) the use of a high pressure,
high power-density source (i.e. cascaded arc) provided the desired high fluxes;
ii) the separation of source and treatment zone enhanced the control over the
plasma composition and substrate conditions; iii) it allowed for the use of gases
that corrode or contaminate the source by injecting the active gas into the plasma
outside the source. Using this remote source setup, the TU/e has been able to
develop a range of surface treatment techniques. It was shown in [4, 12, 65,
66] that high quality amorphous and crystalline (hydrogenated) carbon layers
could be deposited at high rates using hydrocarbon injection. M.J. de Graaf
et al.showed [67, 68] that corrosion catalysts like chlorine could be successfully
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removed from surfaces of archeological artifacts by short treatments with hydrogen
arc plasmas. In [11, 69], techniques for the deposition of a-Si:H layers for solar
cells were developed. By coating or implanting surfaces with nitrogen containing
materials, their physical and electrical properties can be improved and adapted to
the requirements [70]. Finally, [71] showed that silicon can be etched with fluorine
atoms produced by the remote source method.

For most of the mentioned applications, the treatment time is the cost-determi-
ning factor, not the price of the consumables. The extreme fluxes of hydrogen ions
achieved in this work have a significant dissociation potential and could shorten
treatment times even further than what was achieved in the work cited above
(at a high gas and energy efficiency). An important factor in this work that
contributed to the high achieved plasma fluxes was the strong magnetic field.
If the power densities in the magnetized beam are too great for the treatable
surface, one can apply the field only in the source region and reduce it to a
small value near the substrate, injecting the treatment gas near the boundary
between these two regions (possibly in combination with a skimmer). One can
even imagine injecting the working gas perpendicularly to the magnetized beam,
using the ion population for dissociation without exposing the substrate to the
magnetized beam and simultaneously significantly increasing the wetted area.
Multichannel cascaded arcs provide another promising development path towards
decreased processing times by increasing the exposed area and total flux. This
design currently works particularly well with argon as the source gas, which is
compatible with many of the mentioned applications.

An application for which power densities of the order of 10 MWm−2 are in fact
desired is the study of the physics and chemistry of the re-entry of a spacecraft
into the earth’s atmosphere. Both arc sources and large ICP’s have already been
used to create nitrogen-oxygen plasmas with re-entry relevant energy fluxes [72].
In [23], it was shown that the cascaded arc can successfully be operated on pure
nitrogen. Using an adaptation of the model developed in chapter 3 and again
applying a magnetic field in the source region, the nitrogen plasma production
can be further optimized. By seeding the beam with oxygen and CO2, realistic
re-entry conditions can be reproduced with high efficiency. This work thus shows
that the cascaded arc still holds a lot of potential for both further improvements
of existing industrial applications and the development of new applications.
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