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Chapter 1
General introduction

The subject of this thesis is the experimental study of the transport of ground-state hydrogen
atoms in thermal plasma expansions. The plasma is generated by a cascaded arc from di erent
gas mixtures: Ar-H2 , He-H2 and H2 . In all cases, the plasma jet is unmagnetized and weakly
ionized. The local properties of H atoms, such as the density, the perpendicular and parallel
temperature, and the radial and axial velocity components, are monitored in the course of the
plasma expansion by means of Two-photon Absorption Laser Induced Fluorescence (TALIF)
spectroscopy. In order to obtain information about the ow of inert neutral particles (Ar, He,
H2 ), other laser-based diagnostic techniques are available, like cw-Laser Induced Fluorescence
and UV-Rayleigh scattering. This work follows the study of the ow of neutrals and charged
particles carried out by M.C.M. van de Sanden and R.F.G. Meulenbroeks using Rayleigh-Thomson
scattering and Coherent Anti-Stokes Raman Scattering. Here, we focus on the study of the
in uence of surfaces on the H atom transport mechanisms and on the H atom uid properties,
i.e. coupling between the H uid and the inert neutral uid, during the expansion process. We
also performed a detailed investigation of the behavior of the atomic velocity distribution function
throughout the stationary shock wave of the supersonic plasma jet, to study both the shock wave
formation and the invasion of the supersonic domain by the background gas in a rare ed ow
regime.
In this introductory chapter, the physical phenomenon of plasma expansion is presented and
compared with the expansion of a neutral gas. Furthermore, the experimental facility, including
all the di erent laser-aided diagnostic techniques available, is described, and an outline of this
thesis is given.
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1.1 Plasma expansion: a general physical
phenomenon
The expansion of a plasma from a high temperature and high density region (referred to
as the source) where energy is dissipated1 , to a low pressure or vacuum environment, is
a very general physical phenomenon. It concerns a large variety of objects and covers a
vast range of dimensions. Furthermore, the physical issues addressed are relevant to many
subjects in science like astrophysics, uid dynamics, and surface physics.
At large scale plasma expansions encompass objects like supernovae, solar ares, solar
outbursts, and phenomena like solar wind and galactic jets [1, 2, 3, 4, 5]. Those systems
represent examples of gigantic jets2 where the matter ejected out of the source ows into
a nearly perfect vacuum until it encounters planets or dense interstellar clouds of gas and
dust. Apart from their inconceivable size, such plasma expansions are also characterized by
the fact that their structure and properties are also governed by the existence of magnetic
elds.
In contrast to huge plasma jets and beams found in the cosmos, one nds at the
opposite side of the dimension scale small and even tiny plasma expansions such as laser
spots [6, 7, 8, 9] and cathode spots [10, 11]. In the case of a laser spot, the plasma is
created by the interaction of a strong electromagnetic eld with a target, whose state can
be solid, liquid or gas, and subsequently the plasma expands supersonically from a very
localized region [12, 13]. Laser plasmas allow for a precise control of the jet parameters
like the Mach number and the kinetic energy, and of the jet chemical properties. Such jets
are used for instance for thin layer deposition [14], for the fundamental study of collision
processes as well as for the generation of VUV and X-ray radiation [15]. Laser produced
plasmas are also projected to create modulated plasmas for plasma based accelerators in
order to create bunches of relativistic electrons [16, 17]. Tiny plasma expansion can be
generated using low current vacuum arcs from a very small cathode spot by evaporation
and ionization of a solid target in a low pressure environment. Such plasma ows may be
used for thin lm deposition by cathode sputtering, as an ion source for ion implantation
and for particle accelerator injection for fundamental nuclear physics research [18]. In arc
switches and circuit breakers, the conductive properties of the created high density arc
plasma are used [19].
Finally, in between macro and microjets, the physical phenomenon of plasma expansion also includes laboratory scale expansions such as jets produced from thermal plasma
sources like DC, RF, and microwave torches [20], as well as the divertor3 region of Toka1

Depending on the kind of source the expansion originates from, the energy that drives the ow process
is of di erent form: electromagnetic (arc, laser spot), nuclear (star), or gravitational (black hole).
2 The most extreme jets are galactic jets which can have extensions over distances of several thousands
of light-years and for which the ow speed can approach the speed of light. Such plasma expansions are
likely to be powered by massive black holes.
3 In a Tokamak reactor a limiter is a solid surface which serves primarily to protect the reactor wall
from the plasma (during disruption for instance). A divertor is a special kind of limiter which includes a
magnetic eld to guide impurities out of the plasma volume.
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Tab. 1.1: Physical parameters characterizing a variety of plasma expansions. The given values
of the parameters represent standard values. Deviations corresponding to speci c
cases are possible. Even if all plasma expansions mentioned in this table are very
similar from the point of view of the underlying physical processes, as can be seen,
they cover a broad range of conditions.
expansion
source properties ow speed jet radius
ambient density
4
6
1
3
solar are
Te  10 eV
10 m s
r  10 km 106 m 3
n0  1020 m 3
ne  1020 m 3

cascaded arc jet

Te  1 eV
n0  1023 m
ne  1022 m

laser plasma
Te  100 eV
(X-ray generation) n0  1024 m
ne  1026 m
cathode spot

Te  10 eV
n0  1024 m
ne  1024 m

3

1

5000 m s

r  10 cm

1021 m

3

3

3

105 m s

1

sphere
r  5 mm

1018 m

3

104 m s

1

r  10 m

1015 m

3

3

3
3

mak plasmas [3, 21]. Atmospheric thermal plasma jets are used for instance for plasma
cutting, welding, heating (chemical waste treatment), annealing, and for plasma spraying,
i.e. deposition of thick coatings [22, 23]. Low pressure thermal plasma jets nd applications in surface modi cations like fast deposition of thin lms [24, 25] and micro-circuit
etching [26]. They may serve as ion beam and neutral beam sources for research in the
eld of controlled nuclear fusion.
All previously mentioned kinds of plasma expansions exhibit similarities in the underlying physical mechanisms. They cover a broad range of conditions, as can be seen in the
list of physical parameters given in Tab. 1.1 for several sorts of plasma expansions.
To a large extent, the expansion of a thermal plasma resembles a neutral gas expansion [27],
a well-known subject in the eld of gas dynamics, meaning that in rst order the particles
density, temperature, and velocity, behave similarly to a free jet expansion [28, 29, 30].
However, a plasma expansion exhibits speci c characteristics which make it a richer
and more complex process. First, a plasma is not only composed of particles such as
stable atoms and molecules, it also contains ions, electrons, photons and radicals4. Under
certain circumstances, di erent kind of particles may have a di erent temperature in the
4

A radical is an atom or a molecule with a free bond. As examples one can cite atoms like H, N, or C
and molecular fragments like CH, NH, SiH3 . Due to their high reactivity radicals play an important role
in chemistry, both in volume and at a surface.

3

Chapter 1. General introduction

source and/or in the course of the ow. Moreover, large temperature, density and velocity
gradients are often present already in the source. Second, a plasma expansion is a nonequilibrium process [31, 32] and, due to recombination e ects or due to the action of an
electric or magnetic eld, a frozen regime in which there is no energy exchange or energy
transformation is never achieved. Third, the enlarged heat conductivity and viscosity [22]
lead to a non-isentropic supersonic expansion [33]. Three-particle recombination can also
disturb the energy transfer mechanisms between charged particles, and can, therefore,
create non-adiabatic conditions during the expansion process [34]. Fourth, the plasma
nature gives rise to the generation of elds and currents [34, 35], which in turn in uence,
or even determine, the currents and thus the power dissipation in the hot region. At
high power densities, the generated currents and elds may be so strong that the plasma
becomes con ned by the self-generated magnetic eld. Finally, due to plasma-surface
interactions, i.e. interactions with dust particles (e.g. in interstellar medium) or with walls
(nozzle, reactor), radicals generated from molecules in the plasma source, may decouple
from the neutral particles expansion (a two- uid expansion is then created) and, as a
consequence, radicals may exhibit anomalous transport properties [36]. All these speci c
physical processes and mechanisms make the phenomenon of plasma expansion very rich
in view of the possible issues to be studied.
We here restrict ourselves to laboratory scale thermal plasma jets and to the regime
where the plasma remains unmagnetized and singly ionized, in which case the main mass is
contained in the neutrals and thus the expansion resembles the usual gas expansion. At the
same time the study of the intermediate size expansions of thermal plasmas (mm to cm)
may serve as a scale model for both the tens of micrometer-sized and the astrophysical size
plasma jets as to some extent they are driven by similar physical mechanisms. Furthermore,
an important reason to study plasma ow at an intermediate scale is the possibility of
application of a variety of diagnostic techniques, both passive and active, and therefore
opening the way to acquire extensive sets of data.

1.2 Hydrogen containing plasma jets
The fundamental study of hydrogen containing plasma jets5 is of particular interest, since
it concerns various systems that cover the entire range of plasma expansions.
Atomic hydrogen being the main constituent of both stellar and interstellar matter,
all astrophysical scale plasma expansions represent examples of hydrogen plasma jets. In
the eld of controlled nuclear fusion, hydrogen jets plays a speci c role [21]. First, one
wants to use H atom sources for neutral beam heating of fusion devices (mainly via the
production of negative hydrogen ions H ). Second, the interaction of neutral H atoms
with the reactor wall (in a divertor region for instance) and the resulting formation of new
5

In order to avoid confusion, we should here emphasize on the di erence between a jet and a beam since
they are very di erent media. In a jet, the ow regime is continuum (hydrodynamic) whereas in a beam
the ow regime is rare ed (molecular) [28]. If the ambient pressure is low enough, an expansion exhibits
a gradual transition from a jet like ow (close to the source) to a beam like ow (far from the source).
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of Ar atoms during the expansion of a
cascaded arc generated argon plasma (see section 1.4 for more details) for two di erent
background pressures: 20 Pa (left) and 100 Pa (right). The source conditions are:
3 standard liters per minutes (slm) Ar, pressure = 0.6 atm, temperature = 5000 K,
nozzle diameter = 3 mm. These density maps are constructed using simpli ed 1D
hydrodynamic equations (see chapter 2) combined with arbitrary functions that t
the measured radial density pro les. In the subsonic domain, the static pressure is
assumed to be constant. A formal calculation using the Navier-Stokes equation would
be necessary in order to obtain the exact density behavior. Yet these simple models
help the reader to visualize the so-called rarefaction e ect (dilution of the uid into
the environment) and the e ect of the local pressure on the jet structure (smooth and
abrupt jet-background transition at low and high pressure respectively).

products, e.g. H2 molecules, and the release of impurities due to proton bombardment,
have drastic consequences on the stability of the fusion plasma and therefore on device
performances in term of energy extraction. Numerous works are nowadays devoted to this
so-called hydrogen recycling process [37, 38] and they all require the development of plasma
sources capable of generating a high H atom or H ion ux.
From a technological perspective, due to their high reactivity, hydrogen radicals play a
key role in many chemical reactions encountered in plasma processes and therefore are of
relevance for industrial applications like deposition of thin lms and surface modi cation
(etching, passivation). For instance, hydrogen atoms are involved in the plasma-aided fast
deposition of thin lms of hydrogenated amorphous silicon (a-Si:H) needed for the next
solar cell generation. It has been shown recently that hydrogen radicals control the growth
process and thus the nal lm properties [24].
All aforementioned processes that concern intermediate scale expansions, are to a large
extent governed by the transport mechanisms of ground-state hydrogen atoms, i.e. H
radicals, in an expanding hydrogen containing thermal plasma. In view of the applicability
it is therefore of importance to study the H atom ow pattern as well as the in uence of
plasma-surface interactions on the radical transport properties.
5
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Fig. 1.2: Axial density pro les of the heavy particle density (left) and of the electron density
(right) during the expansion of an argon plasma produced by a cascaded arc (see
section 1.4) for 3 di erent background pressures. The data are taken from the work
of M.C.M. van de Sanden [34, 39, 40]. The heavy particle density is measured by
Rayleigh scattering and the electron density is obtained from Thomson scattering
measurements. In the supersonic domain the density decrease is independent of the
ambient pressure. On the contrary, the position and the width of the stationary
shock wave as well as the compression strength are in uenced by the background
pressure. Beyond the shock front, the heavy particle density increases as a consequence
of the cooling of the plasma ow by heat transfer to the vessel walls, whereas the
electron density decreases as the result of 3-particle recombination. Ignoring the e-ion
interactions, those pro les are mainly in agreement with the free jet ow theory.

1.3 Transport of particles

Inert neutrals: the classical transport picture
The ow of inert particles, such as Ar or He atoms and H2 molecules, in a thermal plasma
expansion can to a large extent be described with the free jet ow theory developed in
the eld of gas dynamics [27, 28]. In short, leaving the high pressure region, the gas is
accelerated to supersonic velocity due to the conversion of thermal energy gained in the
source into kinetic energy and the local particle density decreases due to an increase in
the jet cross-section (the so-called rarefaction e ect). At some distance from the source
the expanding gas collides with the residual ambient gas and a stationary shock wave
structure is formed. Behind the shock region, the ow is subsonic and obeys the local
pressure conditions. In Fig 1.1, a schematic representation of the inert particle density
in an expansion is given. In the case of a plasma, the high temperature leads usually
to a quasi-adiabatic expansion. In the work of M.C.M. van de Sanden et al [39, 40],
it is demonstrated that the ow of Ar atoms in an argon plasma expansion follows the
prediction of the free jet ow theory (see Fig. 1.2).
6
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Fig. 1.3: Ground-state hydrogen atom density pro le measured along the jet centerline of a

Ar-H2 plasma jet for 2 di erent background pressures (3 slm Ar, 0.5 slm H2 ) [36].
The pro le is in disagreement with the free jet ow theory. The density decrease in
the supersonic domain is pressure dependent (value at the arc exit and slope), there is
no density jump across the normal shock wave and the density drops in the subsonic
domain. The departure from the classical expansion picture is a direct consequence of
plasma-wall interactions, i.e. recombination of H atom at the reactor wall (stainless
steel in that case) to form molecular hydrogen.

Reactive neutrals: anomalous transport
Until recently, physicists thought that the transport of radicals in a plasma expansion
would not di er from the transport of neutrals. Therefore, the reader can easily imagine
the surprise and the excitation when it was discovered that the measured H atom density
development along the jet axis of an Ar-H2 plasma jet was in contradiction with the
expectation, as can be seen in Fig 1.3.
The anomalous transport of H radicals nds its origin in the plasma-surface interactions
as it will be shown in this thesis. To please impatient readers, we here give a rapid overview
of what is going on. When a H atom reaches a surface it may recombine to form a H2
molecule (obviously the eÆciency of this process depends strongly on the surface properties
and on the residence time). If the so-called recombination probability is high, the H atom
partial abundance in the background gas is low, that results in the formation of large H
density gradients between the plasma jet and its vicinity. Those gradients are responsible
for two e ects: a decoupling between the H atom uid and the carrier gas uid during the
expansion and the existence of large H out ow [36]. As a result, only a small fraction of
the hydrogen atoms leaving the source is carried towards the downstream region.
7
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The case of charged particles
Even if the charged particles, i.e. ions and electrons, are not directly of interest in this
thesis, it is certainly worthwhile to shortly discuss their in uence on the plasma ow. In the
case of a fully ionized plasma, the expansion process di ers from a gas expansion. Several
new e ects must be considered: the appearance of a charged particles density gradient in
the conservation laws, a higher heat conductivity, the existence of elds and currents. In
this work we however restrict ourselves to partially ionized plasmas. As pointed out by
M.C.M. van de Sanden et al [39, 34] a partly ionized plasma ow can be explained as a
classic supersonic expansion with slight modi cations to account for the presence of charged
particles. As an example, the electron axial density pro le measured in an expanding argon
plasma for several pressures is shown in Fig. 1.2.
Another aspect of the presence of electrons and ions is the emergence of a new chemistry
which of course has an impact on the ow properties. This is particularly true when
molecular gases like hydrogen are added to an atomic plasma (e.g. argon plasma). Charge
exchange between an ion and a molecule, followed by the dissociative recombination of the
created molecular ion, is a very e ective process to dissociate a molecule at low temperature
Ar+ + H2 (v = 0) ! ArH+ + H
e + H2 (v = 0) ! e + H + H

k  10
k  10

15

m3 s
18 m3 s

1
1

at 1 eV;
at 1 eV:

Note that the dissocitative recombination of ArH+ , ArH+ + e ! Ar + H is known to be
very fast (rate constant around 10 13 m3 s 1 ). Thus the charge exchange process leads to
the formation of new molecules and radicals (atomic as well as molecular fragments) which
play an important role in the plasma chemistry. Furthermore, this process leads to a loss
of ionization (i.e. low ionization degree) which in turn in uences the expansion behavior.

1.4 Experimental facility
Plasma source: the cascaded arc

The plasma source used in these experiments is a cascaded arc [42, 43] which is an example
of a wall stabilized thermal plasma. It is schematically depicted in Fig. 1.4. The cascaded
arc has been rst introduced in the 1950s by Maecker [44]. The arc can be operated in
a wide range of pressure (104 to 108 Pa) and currents (5 to 2000 A). In the standard arc
conditions (gas ow  3 standard liters per minute (slm), parc  0.5 atm, Iarc = 40 A
to 60 A), the generated plasma is characterized by a relatively high electron and heavy
particle temperature (Te  Th  1 eV) and a high electron density (ne  1022 m 3 ). In a
cascaded arc, a DC discharge is sustained in a channel between 3 cathodes and a grounded
anode to which a nozzle is plugged. The gas is fed through a mass ow controller into the
cathode region. The electrically insulated cascaded plates that compose the channel lead to
a straight arc. All parts are made of copper, except for the cathode tips (tungsten with 2%
lanthanum), the PVC and boron nitride spacers between the plates and the boronnitride
8
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Fig. 1.4: Plasmas under investigation in this work are generated from a

owing gas using a
wall-stabilized cascaded arc. Inside the arc channel (d = 4 mm) the pressure is subatmospheric ( 0:5 atm) and the temperature is around 1 eV. The plasma expands
freely from the source nozzle, of which geometry can be varied, into a low pressure
medium. The vacuum chamber which is made of stainless steel is 4 m long and has
a diameter of 0.36 m. The vessel is divided into 4 observation sections surrounded
by 8 Helmholtz coils to provide an axially directed magnetic eld (0 to 0.5 T). The
background pressure can be varied almost independently from the injected gas ow
from 10 Pa to 1 atm. Both the cascaded arc and the temperature controlled substrate
are mounted on a movable arm that allows for 3D displacement. In this way spatially
resolved measurements can be performed while the diagnostic tools remain xed.

cover of the cathode feedthrough. The arc is vacuum sealed with O-rings; the cathode, the
anode and the cascaded plates are water-cooled. The arc that is used in this work is composed of 4 plates; the channel is 30 mm long and has a diameter of 4 mm. The arc nozzle
is made of copper and it has a length of 17 mm. Its geometry can be varied. The cascaded
arc is mounted on a moveable arm and can therefore be moved in the 3 directions of space.
In the source the plasma is created from a owing gas by dissipation of (electric) energy [20].
The supplied energy has to be suÆcient enough to ionize and heat the gas/plasma. This
will lead to a hot and high pressure source and subsequently to expansion of the generated
plasma from that source. Moreover, the production of new electrons and ions has to be
large enough to compensate for the losses of charged particles by di usion and convection.
The thermal plasma produced in the cascaded arc is in non-equilibrium and it is ionizing [41, 46]. The expanding plasma is also not in equilibrium, however in contrast with
the plasma in the source it is recombining and the temperature is relatively low.

9
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The thermal plasma produced inside the arc channel expands freely from the arc nozzle
into a low pressure vessel made of stainless steel (see Fig. 1.4). The vessel is 4 m long and
has a diameter of 0.36 m; it is divided into 4 segments surrounded by 8 Helmholtz coils
to provide an axially directed magnetic eld (0 to 0.5 T). The pumping system consists
of a large roots blower pump (720 l s 1) pumped by a small roots blower pump (140 l s 1)
which in turn is evacuated by a roughing pump (20 l s 1 ). The pumping capacity of the
large roots blower pump can be varied by means of a valve, and in this way the residual
pressure can be changed almost independently from the gas ow from 10 Pa to 1 atm.
The residence time inside the vacuum chamber is relatively long ( 1 s at 20 Pa) and thus
recirculation cells, into which the gas is recycled, are formed around the plasma jet [45].
Those cells play an important role in the downstream chemistry.

Laser-aided diagnostics
Several laser-aided diagnostics are used in the experiments mentioned in this thesis to collect valuable information about the particle transport in an expanding thermal plasma6.
We here brie y introduce them; more information can be found in the rest of the manuscript.

 Two-Photon Laser Induced Fluorescence
In order to avoid the experimentally demanding generation of high energy (VUV) photons,
ground-state hydrogen atoms are excited to the n=3 level using two 205 nm (UV) photons [47]. The resulting uorescence radiation is detected at the Balmer- line (656 nm).
Using this spectroscopic technique one obtains spatially resolved information about the H
atom density, temperature and velocity. In order to obtain absolute number density, the
uorescence yield has to be calibrated either via a titration reaction or using a two-photon
scheme in krypton.
 cw-Laser Induced Fluorescence

A continuous wave (cw) laser beam in the near IR is used to probe excited Ar atoms
in the 4s multiplet (both resonant and metastable state) via laser induced uorescence
spectroscopy. In that way, the local velocity and temperature of the excited Ar atoms are
measured. It can be shown that the properties of excited Ar (but the density) image the
properties of ground-state Ar atoms.

 UV Rayleigh scattering

The UV laser beam used to excite ground-state H atoms is also used to perform Rayleigh
scattering experiments in order to measure the local heavy particle density (i.e. the neutral density, since the ionization degree is below 1 % in our plasmas). The relatively low
amount of UV photons available (approximately 1015 and 1018 photons per pulse at 205 nm
6

Very often plasma jets properties are monitored using probes such as Langmuir probes, enthalpy
probes, and Pitot tubes, which are directly inserted in the jet. However, contrary to laser diagnostics,
probes disturb the ow, especially in a supersonic regime. As a consequence, the interpretation of the
experimental data is in most cases diÆcult.
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and 532 nm, respectively) is partly compensated by the gain in the scattering cross-section
 R , since  R varies in rst approximation like  4 [48]. The Rayleigh scattering and the
two-photon LIF experiments can be performed simultaneously.
Other laser aided diagnostics have been extensively used in the past, like Thomson scattering [49] and Coherent Anti-Stokes Raman Spectroscopy (CARS) [50]. At the present
time, the chemistry in the subsonic domain of the expansion is studied by means of Cavity
Ring Down Spectroscopy (CRDS) [51]. In the near future, a VUV-LIF setup is projected
to be built in order to probe H2 molecules in a hydrogen expansion [47, 52].

1.5 Aim of this work and outline
Aim: an overall plasma expansion picture
As already suggested in sections 1.2 and 1.3, this thesis deals with the transport phenomena in intermediate scale thermal plasma expansions that contains hydrogen atoms and
molecules. Such research is of relevance on a fundamental point of view: detailed dynamickinetic study on an intermediate scale plasma expansion with possible extrapolation to
expansions at smaller and larger scales. But it also has a large impact on a technological
perspective. The eld of plasma assisted chemistry, in which radicals and molecules play a
key role, is gaining importance. Moreover, researches in the eld of controlled nuclear fusion require at present a better understanding in transport and wall-recycling of hydrogen
atoms. The thermal plasma jets investigated in this work are generated using a cascaded
arc. Such jets are currently used for deposition of thin lms: C containing layers [53] and
a-Si:H coatings [54] for example. They are also used as particle source for treatment of
archeological artefacts [55], and as a light source for spectroscopic applications [56]. Furthermore, a cascaded-arc-produced hydrogen expansion appears to be a good candidate
to simulate the H+ ux impinging onto a divertor, one of the critical components of a
Tokamak reactor [21].
The aim of this work is therefore to obtain an overall picture of an unmagnetized and
weakly ionized plasma expansion in terms of transport properties. To gain a more profound understanding of the basic processes that govern this kind of plasma expansion with
in mind not only the gain in knowledge, but also the optimization of aforementioned applications. This present work is the follow up of the work of M.C.M. van de Sanden [34, 40]
and R.F.G. Meulenbroeks [50, 57]. Nevertheless, after several years of research on expanding plasmas using active and passive diagnostics, numerous aspects of the transport
phenomena in such a medium still have to be investigated or clari ed. In order to make
the objective of this work clear to the reader, we present a list of questions we will try to
answer in the rest of this thesis.
- Which amount of atomic radicals can the plasma source supply? Which fraction of
the H atoms leaving the source reaches the downstream region of the expansion?
11
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- In the case of a pure hydrogen plasma jet, can the low ionization degree and the absence of rovibrationally excited H2 molecules be explained in view of the H atom content?
- What is the structure of a stationary compression shock wave in a rare ed regime?
To which extent does the expanding plasma depart from thermodynamic equilibrium?
- Is the invasion of the supersonic domain of the expansion by the residual background
gas signi cant in a rare ed ow regime? How does the mixing of the ambient gas with the
jet a ect the downstream chemistry?
- Can the interaction between the background gas and the reactor walls in uence the
transport properties of radicals in a plasma jet?
Trying to answer those questions, more questions will undoubtedly emerge. In like manner, some conclusions drawn in this work will probably have to be modi ed later on, as
new experimental and computational facts arise. In the general conclusion, we present
the current view of the transport phenomena in a plasma expansion and we propose near
future investigations which, as we hope, will show that we are on the right route.

Outline of this thesis
The main content of this work consists of seven chapters written in such way that they
can be read independently from each other. Apart from the rst part in which the main
characteristics of an expansion are described, all other parts are organized in such way that
this thesis o ers a logical trend.
In chapter 2, a detailed description of the continuum free jet ow structure that results
from the expansion of a uid from a high pressure region into a vacuum is given. Moreover,
the characteristics of a compression shock wave are presented.
In chapter 3, the transport of argon atoms in an expanding thermal argon plasma seeded
with 4 % of hydrogen is studied by means of laser induced uorescence spectroscopy, and
by UV Rayleigh scattering. After demonstrating that the properties of metastable Ar
atoms image the properties of ground-state Ar atoms, it is experimentally shown that the
Ar atom expansion is understandable in term of a Ar free jet ow with a low isentropic
exponent. Non-Maxwellian Ar distribution functions are observed, both at the arc exit
(in uence of the self-generated E eld) and across the stationary shock wave (interaction
jet-background).
The Two-photon Absorption Laser Induced Fluorescence (TALIF) spectroscopy of
atomic hydrogen is explained in chapter 4. A detailed description of the experimental
arrangement is presented. It is shown that from a spectral scan over the two-photon transition several quantities can be extracted: the local H atom velocity distribution function,
the mean velocity, the temperature (only at thermodynamic equilibrium) and the relative
12
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density. In order to obtain absolute H atom densities, the LIF setup has to be calibrated.
Two calibration methods are presented and compared: titration with NO2 and comparison
with a two-photon excitation of krypton.
In chapter 5 and chapter 6, the transport of ground state atomic hydrogen in the
expansion of a thermal plasma generated from an Ar-H2 mixture (14 % H2 ) is studied.
The ow of hydrogen atoms is monitored by TALIF, whereas Ar atoms are probed by LIF
as well as by UV Rayleigh scattering. Contrary to Ar atoms, H atoms exhibit anomalous
transport properties. In the course of the plasma expansion, hydrogen atoms decouple from
the argon uid by a di usion process as a direct consequence of recombination of H atoms
at the vessel walls. It is shown, on the basis of experimental results, how plasma-surface
interactions can strongly in uence the ow pattern of an atomic radical uid.
The ow properties of the ground state hydrogen atom uid in the course of the expansion of a weakly ionized hydrogen plasma are examined and compared with the ones of H2
molecules in chapter 7. The low dissociation degree measured at the source exit implies
that H atoms ow in a H2 environment. It is clearly proved that as soon as the surface
loss probability is high, the losses of radicals by di usion, and the subsequent decoupling
between the inert gas uid and the reactive gas uid, cannot be avoided even when the
mass of the carrier gas is close to the mass of the radical.
In chapter 8, the evolution of the ground-state hydrogen atom velocity distribution
function (VDF) throughout the stationary normal shock wave of a supersonic hydrogen
plasma jet is studied. A clear departure from thermodynamic equilibrium is observed.
Nevertheless, the H atom VDF can be decomposed into two Maxwellian distributions. One
distribution corresponds to the zone of silence conditions and the other one corresponds to
the conditions in the shock region. The development of the mean axial velocity is modeled
using the Mott-Smith approach. Deviation from the theoretical shock pro le is interpreted
in terms of the non-conservation of both the H atom forward ux and momentum across
the shock wave.
Finally in chapter 9, the general conclusions of this thesis work are presented and some
near future perspectives are given.
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Chapter 2
Dynamics of a plasma expansion

Abstract
After presenting the basic hydrodynamic equations that govern the ow of a gas(plasma) in
the continuum regime, a set of simpli ed conservation laws applying to a steady isentropic ow
is derived. In rst order approximation the expansion of a weakly ionized plasma (ionization
degree < 1 %) is similar to the expansion of a hot neutral gas, and can be described using the
well established supersonic expansion theory. Therefore a detailed description of the continuum
free jet ow structure that results from the free expansion of a uid from a high pressure region
into a vacuum is given. In short, the gas rst expands supersonically. After adapting to the local
pressure conditions imposed by the residual background gas via the formation of a stationary
shock wave system, the gas ows subsonically into the low pressure environment. Departures
from the perfect free jet ow picture, when approaching the rare ed(molecular) regime, are also
discussed. Finally, the characteristics of a gas shock wave are presented and several theoretical
expressions are given for the on-axis density and velocity pro le within a shock region.
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2.1 Introduction
In this chapter we propose to convey to the non specialist reader the basic features of a
plasma expansion. All plasmas studied in this thesis (Ar-H2 , He-H2 , D2 -H2 , H2 ) are characterized by a low ionization degree at the source exit (< 1 %). The e ects of charged
particles on the neutral particle transport properties are therefore neglected. As a consequence, the expansion of a weakly ionized plasma can be treated as the expansion of a hot
neutral gas [1]. The transport of charged particles in a partially ionized plasma expansion
(ionization degree  10 %) has been studied in the past [2, 3, 4]. It was shown that the
electron(ion) ow can to a large extent be described using the neutral gas expansion theory
taking into account recombination processes in the energy balance.
A gas expansion corresponds to a free ow from a high pressure (po ) region, often
referred to as the source region or reservoir, into a low pressure (pback ) environment, the
so-called background, through an ori ce. When the pressure ratio po =pback exceeds a critical
value (e.g. 2.1 for a monoatomic gas), the gas velocity at the source exit is equal to the
local speed of sound (sonic ori ce). Then the gas accelerates to supersonic velocity and the
ow becomes adiabatic. At some distance from the source, depending on pback , the owing
gas collides with the residual background gas that results in the formation of a stationary
shock wave through which the supersonic ow adapts to the local subsonic conditions.
First, the general conservation laws which govern the behavior of a uid on a macroscopic scale are presented and the speci c case of a steady adiabatic ow is discussed as
it applies well to the description of a neutral gas expansion. The validity of a macroscopic approach for the treatment of an expansion is discussed. Second, on the basis of the
equations of hydrodynamics, we describe in detail the continuum free jet ow structure
that results from the expansion of a uid. Finally, a section is devoted to the shock wave
properties as it is an important feature of a gas expansion.

2.2 Governing equations
2.2.1 The Boltzmann transport equation
The Boltzmann transport equation describes the time evolution of the distribution function
f (~r; ~v; t) of a given species in the six dimension phase space [5]. It is a nonlinear equation which describes the irreversible evolution of the uid towards Local Thermodynamic
Equilibrium (LTE). The Boltzmann equation reads
!
~
@f
F
@f
~
~
+ ~v  rf +  rv f =
@t
m
@t coll

rad

;

(2.1)

~ represents forces which act on the system (in a plasma the forces are mainly of
where F
~ v is the gradient in the velocity space. The
electromagnetic origin), m is the mass, and r
right hand side of Eq. 2.1 describes the changes in the distribution function as a result of
elastic and inelastic collisions and as a result of radiative processes.
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On a microscopic scale the state of the system, i.e. departure from equilibrium, is entirely de ned when the distribution function f is known. If the system is in thermodynamic
equilibrium, then the Maxwell distribution function is solution of the Boltzmann transport
equation [5]. However it is most of the time diÆcult to directly access the distribution
function and therefore assumptions have to be made about the thermodynamic state of
the system. For that reason it is often easier to consider the system on a macroscopic
scale and to follow the evolution of quantities like particle density, average velocity, and
temperature. The equations describing the evolution in time and space of those thermodynamic quantities, the so-called conservation laws, are deduced from the calculation of
the velocity moments of the Boltzmann transport equation. This calculation is based on
~
a decomposition of the velocity ~v in a random component ~v r and a drift component w
using the formalism of Braginskii [6].

2.2.2 Conservation laws and EOS
The conservation laws represent the conservation of mass, momentum and energy in space
and time and they form the gas dynamics set of equation [7]. Those equations can only be
used in the hydrodynamic regime, i.e. when the uid can be considered as a continuous
medium. The validity of the hydrodynamic approach is discussed in section 2.3.3.

 Continuity equation
The conservation of mass is insured by the continuity equation

@n ~
+ r  (n~w) = S;
(2.2)
@t
~ the drift velocity. The right hand side represents the source
where n is the density and w
term, i.e. the particles production and destruction due to radiative and collisional processes.

 Momentum conservation
The principle of conservation of momentum is in fact an application of Newton's second
law of motion to an element of uid. The intrinsic momentum equation is given by

~
@w
~~ = qn(E
~)w
~p+r
~ 
~ +w
~)+R
~;
~ r
~ +r
~ B
+ nm(w
(2.3)
@t
~~ is the viscosity tensor, q is the charge
where m is the mass of the specie, p is the pressure, 
~ represents the exchange of momentum between di erent species by
of the particle, and R
~ and magnetic eld B
~ are related to each other
means of collisions. Both electric eld E
via the Maxwell equations [8].
nm
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 Energy conservation
The principle of conservation of energy amounts to an application of the rst law of thermodynamics to a uid element as it ows. Note that an element of gas has two forms
of energy: kinetic energy and internal or thermal energy (molecular gases have additional
degrees of freedom of vibration and rotation). The intrinsic energy equation reads

@
~~ : r
~  (n"~w) + pr
~ w
~w
~  ~q = Q;
~ +
~ +r
(n") + r
@t

(2.4)

where " is the internal energy, " = 23 kB T with kB the Boltzmann constant and T the
temperature, ~q the heat ux, and Q the heat transfer term. The latter denotes the energy
gain or loss through elastic/inelastic collisions and chemical reactions. For an isotropic
uid the thermal heat ux ~q is given by

~  T:
~q = r

(2.5)

This is the Fourier heat conduction law [7], also called general equation of heat transfer.
The coeÆcient  is the thermal heat conductivity which is usually a function of the temperature [9].

 Equation of state (EOS)
The perfect gas law is used as an equation of state. It reads

p = nkB T:

(2.6)

Dalton's law relates the partial pressures pi of a species i to the total pressure of a gas
mixture
X
p = pi :
(2.7)
i

 Conducting uid: additional equations
A plasma can be considered as a conducting uid since it contains in addition to neutral particles charged particles, i.e. electrons and ions. The transport of charged particles
is strongly in uenced by electric and magnetic elds, therefore Maxwell equations have to
be included in the set of governing equations [8]. Furthermore, quasi-neutrality is usually
assumed for the studied plasmas [10], i.e. the electron density approximately equals the
ion density.
Seeing that a plasma contains neutral as well as charged particles, several sets of conservation laws are needed, one per kind of particles [11, 3]. If the velocity and temperature
of ions and neutral particles are not too di erent, then they can be treated as one group:
the heavy particles. The di erent uids are coupled together by means of friction and
energy exchange. This coupling is complex, and a detailed analysis of the time scale of
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the interactions between the di erent kinds of particles is needed. The ionization degree of
the expanding plasma studied in this thesis is usually low (< 1 %), i.e. the electron(ions)
density is low compared to the neutral density, therefore the in uence of charged particles
on the transport of neutral particles is small and has been ignored.
The knowledge of the conservation laws, the equation of state, and the speci c equations applying to a conducting uid is not enough to wholly describe a plasma dynamical
ow. One also needs appropriate boundary conditions to nd the appropriate solutions of
the equation system.

2.2.3 Steady isentropic ow
The expansion into a vacuum of a neutral gas or a plasma can be considered as a steady
expansion contrary for instance to the expansion of a pulsed laser created plasma for which
time dependent phenomena are of importance [13, 14].
To a good approximation, the ow which is initially in thermodynamic equilibrium can
be assumed to be adiabatic [15], and therefore all dissipative e ects, i.e. losses through
line and continuum radiation, heat transfer, are absent. If besides the ow is laminar (high
Reynolds number), the expansion is isentropic (dS = 0 where S is the entropy). Furthermore, in order to go even further in the simpli cation of the conservation laws, several
assumptions are made: the Lorentz force is neglected (we only consider the transport of
neutral particle in this work) and viscosity (internal dissipation of energy) is also neglected.
The previous remarks lead to a simpli cation of the conservation laws. We then obtain
the set of equation governing a steady isentropic ow.

 The mass balance reads

r~  (n~w) = 0:

(2.8)

 The momentum balance is written as

~)w
~ p:
~ r
~ = r
nm(w

~ = ~0) then we obtain
If the ow is not rotating (curl w
1 ~ 2
~ p:
nmrw = r
2

(2.9)

(2.10)

 The energy conservation equation is replaced by the Poisson adiabatic law [7]

n 1 T
= ;
(2.11)
no
To
where = ccVp is the speci c heat ratio, also called adiabatic exponent or isentropic exponent, which is equal to 35 for monoatomic gases, 75 for rigid diatomic molecules, and 79 for
non rigid diatomic molecules.
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2.3 Supersonic expansion: the continuum free jet
structure
2.3.1 Speed of sound and Mach number
From the hydrodynamic equations one shows that small adiabatic disturbances like small
changes in pressure propagate inside a compressible uid with speed cs, the so-called speed
of sound. The latter is derived from the wave equation which describes the propagation of
a density change [12, 16]
@p
c2s =
:
(2.12)
m@n dS =0
Note that the speed of sound is a thermodynamic variable. A sound wave is thus an
oscillatory motion with small amplitude in a compressible uid. The propagation of a
sound wave is an adiabatic process in which a change in internal energy is caused by
expansion or compression of a uid element. In an ideal gas the local speed of sound reads
s

cs =

kB T
:
m

(2.13)

The sound speed is in the order of the mean thermal speed of the gas. The ow velocity of
a uid can be compared to the speed of sound. For this purpose, a dimensionless number,
the Mach number, is introduced. The Mach number M is de ned as follows
w
(2.14)
M= ;
cs
where w is the drift velocity of the uid. According to the Mach number, three di erent
ow regimes can be distinguished
- M > 1: supersonic ow,
- M = 1: sonic ow,
- M < 1: subsonic ow.
As we will see, in the case of a gas(plasma) expansion, the ow undergoes a transition
from a supersonic regime to a subsonic regime. The transition, which corresponds to the
adaptation to the local ambient conditions, is realized via the formation of a shock wave
structure.

2.3.2 Free jet ow
The basic phenomena of the expansion of a weakly ionized plasma are to some extent
similar to those of the expansion of a hot neutral gas, and can thus be described using the
adiabatic supersonic expansion theory [1, 17, 18]. In the expansion of a weakly ionized
plasma, because of several heating mechanisms, the temperature remains higher than in
22
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neutral gas adiabatic expansions. The expansion of a plasma can thus be described as a
common density rarefaction because of the supersonic expansion, modi ed to account for
disturbances to an isentropic ow.
When a uid expands freely through an ori ce from a high pressure region (source) into
a region with a nite pressure rather than perfect vacuum, a well de ned free jet shock
wave structure is produced [1, 19, 20], as depicted in Fig. 2.1, due to the interaction of the
supersonic ow with the residual background gas. In the hydrodynamic ow regime, the
gas(plasma) starts to expand from a sonic ori ce where the Mach number M equals to 1
and the supersonic ow ends in the formation of a normal stationary shock wave. In the
supersonic domain, the density decreases rapidly because of a rarefaction e ect (increase
in the jet diameter). The gas is accelerated to supersonic velocity over a few source ori ce
diameter, because of conversion of the thermal energy gained in the source into kinetic
energy, i.e. directed motion. As a consequence, the temperature decreases. One has
to distinguish between the perpendicular temperature T? and the parallel temperature Tk
associated respectively with the velocity distribution perpendicular and parallel to a stream
line. If the background pressure is low enough, the collision frequency becomes at one point
so low that the ow reaches a steady state [21], in which both the velocity and the parallel
temperature are frozen. Behind this limit, T? continues to drop (geometric cooling), and
the ow is in non-equilibrium. At the source outlet, the decay in temperature is adiabatic
in the case of a neutral gas expansion and the adiabatic exponent stays constant. In
the case of a plasma, dissipative processes like friction (viscosity) and heat transfer can
disturb the cooling mechanism leading to a quasi-adiabatic expansion with a low . The
isentropic exponent depends also on the ionization degree [3, 11, 22]. However, this e ect
is negligible in view of the very low ion density of all plasmas studied in this thesis.
In radial direction the free jet is limited by the jet boundary and a preceding barrel
shock wave. The internal core, the so-called zone of silence, corresponds to the region
where the ow is not disturbed by the background gas. In this zone, the particles propagate
with a speed higher than the sound speed, and no information can be received from the
surroundings.
At the source exit, the ow is underexpanded (jet static pressure > background pressure), but after some distance, it becomes overexpanded (jet static pressure < background
pressure) and has to adapt the local ambient gas conditions. As a result, a stationary
compression shock wave is formed due to the collision of the moving uid with the residual
background gas. Over the shock wave the ow experiences a transition from a supersonic
regime to a subsonic regime. Both the position and the thickness of the normal shock wave
depend on the background pressure. Across the shock wave, the ow adapts its pressure
to the local pressure, the gas is compressed and the density increases. Since the forward
ux is conserved, the velocity drops accordingly. Because of collisions, the kinetic energy
is converted back into thermal energy, i.e. random motion, and the temperature increases.
Within the shock wave the entropy increases. Moreover, at low pressure, the ow is laminar in the shock region and turbulent mixing does not occur. The dimensionless Reynolds
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Fig. 2.1: Schematic view of the continuum free jet

ow structure created when a uid expands
freely from a high pressure region into a low pressure region.

number Re [7] is de ned as

nmwl
;
(2.15)

with l a characteristic length scale of the system and  the dynamic viscosity. For a free
jet ow, if Re < 103 the ow is laminar, else the ow is turbulent. Inside the shock front
of an argon jet ( = 5  10 5 kg m 1 s 1 ), one nds Re  30 at 20 Pa (l = 10 cm) and
Re  150 at 100 Pa (l = 5 cm). The features of a shock wave are described in section 2.4.
At the Mach disk location zM , often referred as the end of the shock wave, M = 1 and
the ow enters the subsonic regime. The position zM is given by
Re =

s

zM = Cd

pstag
;
pback

(2.16)

where d is the source outlet diameter, pstag is the stagnation pressure in the source and
pback is the background pressure. The constant C depends slightly on ; it equals 0.7 for
an atomic gas. The preceding expression can be rewritten in terms of ow and atomic
mass number [23]. It has been experimentally discovered by Ashkenas et al [17] and later
demonstrated theoretically by Young [24].
Behind the Mach disk, the gas expands subsonically and mixes with the background
gas. The evolution of the ow is then mainly geometrically determined (general circulation
pattern, residence time). The transport of any particle is controlled by di usion. The
ow velocity decreases because of momentum transfer to the ambient gas particles. The
temperature decreases because of heat transfer (to the vessel walls for instance). The
pressure is constant, therefore the density increases.
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Fig. 2.2: Schematic representation of the

uid particle density and velocity development (left)
and temperature development (right) along the jet centerline in the course of the uid
expansion.

A schematic representation of the development of the macroscopic quantities along the
jet centerline of a free jet is depicted in Fig. 2.2 in the case of a continuum ow regime. In
the supersonic domain, a theoretical expression for the on-axis density, temperature and
velocity pro le of a neutral gas ow can be derived from the hydrodynamic equations. Such
expression are useful to compare the a neutral inert gas expansion to a plasma expansion
and will be often used in this thesis.

 Density development
Using the conservation laws for a steady isentropic ow (see section 2.2.3), and under the
assumption that the particles originate from a virtual point source and ow along straight
stream lines, one can obtain the theoretical expression for the density development along
the jet centerline
2
zref
:
(2.17)
n(z ) = no
(z + zo )2
In Eq. 2.17, no is the particle density in the source, zref is a scaling length (determined by
the early expansion and by the source ori ce geometry), and zo is the position of the virtual
point source, i.e. the expansion origin. It means that the free jet ow can be described
for z >> d as a source expansion [17, 1, 2]. The expression is valid for an expansion with
cylindrical symmetry as well as for an expansion with spherical symmetry [25, 26]. Another
expression can be used [23]
1
:
(2.18)
n(z ) = no
1 + z 2 =zo2
This non-standard expression is connected with the plasma character of the source region
with its high temperature, sonic exit velocity, and nite temperature gradients. It allows
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for a zero rst derivative of the density at the source point in order to accommodate for
the convective processes in the source, as well as for eld generation.

 Temperature development
For an adiabatic process, the energy equation can be replaced by the Poisson adiabatic
formula (Eq. 2.11). Using Eq. 2.18 to express the density, one obtains for the temperature
pro le in the supersonic domain

T (z ) =

To
(1 + z 2 =zo2 )

1:

(2.19)

In the case of a plasma expansion, the cooling mechanism is generally not adiabatic and
the value of is lower than the adiabatic one.

 Velocity development
The velocity along the jet axis is obtained from the simpli ed momentum balance (Eq. 2.10)
using the Poisson adiabatic law (Eq. 2.11). Two situations have to be distinguished. When
the system is at rest in the source (expansion from a reservoir, w(0) = 0) the velocity
reads
v
!
u
cs;o u
n(z ) 1
t
:
(2.20)
w(z ) = p
2 2
1
no
The maximum achievable velocity, that corresponds to the total conversion of the thermal
energy into kinetic energy, is
s
2
wmax = cs;o
:
(2.21)
1
When the uid is already owing in the source before it starts expanding (case of thermal
arc plasmas under investigation in this thesis) the velocity is given by

w (z ) = p

cs;o

1

v
u
u
t

n (z )
+1 2
no

!

1

;

(2.22)

when the uid is assumed to ow in the source with the speed of sound (w(0) = cs;o or
M (0) = 1). The maximum velocity is
s

wmax = cs;o

+1
:
1

(2.23)

2.3.3 Rare ed regime: evanescent shock structure
A measure of the validity of the continuum assumption is given by the calculation of the
dimensionless Knudsen number Kn [12]
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Fig. 2.3: Free jet

ow in rare ed (molecular) regime. The shock wave structure becomes evanescent and background gas particles invade the nal stage of the supersonic domain of
the jet.


Kn = ;
(2.24)
l
where  is the mean free path for momentum exchange and l is a characteristic length
scale of the system. If Kn < 0.2 then the ow is said to be in hydrodynamic regime and
the continuum model is applicable [27]. As Kn approaches unity, the ow enters the free
molecular regime, or rare ed regime, and one has to use the molecular dynamics theory.
The use of hydrodynamics to describe a uid expansion is only strictly valid in the
rst few millimeters of the ow. At a relatively high background pressure the ow can
always satisfactorily be described using hydrodynamic equations. However at low pressure
the ow undergoes a transition between hydrodynamic and free molecular regime and gas
kinetic theory is needed.
When the Knudsen number starts to become high, Kn > 0:2, the uid can not be approximated as a continuous medium, and departure from the perfect free jet ow picture
occurs [28]. In a transition regime between continuum and rare ed, the shock wave structure is di use enough to allow penetration, and the zone of silence is invaded by the residual
peripheral gas particles, as depicted in Fig. 2.3. This occurs mainly in the nal stage of
the free jet expansion, where the barrel shock wave becomes evanescent. The invasion process is strongly mass selective (di usion process) in favor of the light species. It has been
studied as a possible means for aerodynamic separation of mixtures and isotopes [29, 30].
Invasion by the ambient gas particles modi es the shock wave formation mechanisms and
in uence a priori the distribution function within the normal shock wave. Those e ects
are discussed in chapter 9 and 10. Deep into the rare ed ow regime, the velocity remains
supersonic because of scarce collision events and the shock structure vanishes.
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2.4 Shock wave
2.4.1 Properties of a shock wave
A shock wave or shock front is an example of a surface of discontinuity in the eld of uid
dynamics [7, 12, 16]. Over a shock wave, the distribution of thermodynamic quantities
such as pressure and temperature as well as the distribution of the normal velocity is
discontinuous. Certain boundary conditions must be satis ed on a surface of discontinuity:
the mass ux, the energy ux as well as the momentum ux must be conserved. This set
of conditions forms the so-called shock condition. In the case of an in nitely narrow shock
wave it leads to the jump relations for the density, velocity and temperature (see next
section). As every thermodynamic variable, entropy is also discontinuous at a shock wave.
The entropy increases due to dissipative processes in the shock wave meaning that the gas
motion is irreversible. Thus shock waves are a means by which energy can be dissipated
in the motion of an ideal uid.
In general shock waves are classi ed according to the sign of the pressure jump across
the surface: P = p2 p1 where the subscript 1 and 2 refer to the quantities ahead of and
behind the shock wave respectively. If P > 0, respectively P < 0, the shock wave is said to
be a compression shock, respectively a rarefaction shock [31]. From the entropy balance,
and referring to Hugoniot adiabatic, it follows that only compression shocks are possible
for the case of a perfect gas with constant speci c heats.
For a compression shock wave, the conditions are the following [7]

p1 < p2 ; V1 > V2 ; w1 > w2
and w1 > cs;1 ; w2 < cs;2;
where V is the speci c volume. Therefore the upstream ow ahead of the shock wave is
supersonic whereas the downstream ow behind the shock wave is subsonic.

2.4.2 Rankine-Hugoniot relations
The so-called Rankine-Hugoniot relations [7, 12] connect the jump in density, velocity and
temperature across the shock wave to the Mach number M1 ahead of the shock front

n2
w1
( + 1)M12
=
=
;
n1
w2 ( 1)M12 + 2
[2 M12 ( 1)] [( 1)M12 + 2]
T2
=
:
T1
( + 1)2 M12

(2.25)
(2.26)

The Rankine-Hugoniot relations represent the conservation of ux and energy across a
shock front when the latter is in nitely narrow (proper surface of discontinuity). In the
case of very strong shock waves, i.e. M1 tends to in nity, the temperature ratio increases to
in nity, whereas the density ratio tends to a constant limit, i.e. ( + 1)=( 1). Therefore
for a monoatomic gas ( = 35 ), the maximum achievable compression ratio is 4.
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2.4.3 Shock wave thickness
The treatment of shock waves as discontinuities of zero thickness is an idealization of inviscid gas dynamics. Shock waves in which the discontinuities are small are not geometrical
surfaces with zero thickness, but are in reality transition layers with nite thickness. The
thickness of a shock front decreases as the magnitude of the discontinuities increases. To
determine the structure and the thickness of the transition layer, viscosity and thermal
conductivity of the gas, i.e. dissipative e ects, have to be taken into account.
The shock thickness L in the z direction is de ned as
w( 1) w(+1)
dz
L=
= (w1 w2 )
jdw=dzjmean
dw

mean

;

(2.27)

according to the Prandtl formalism [32]. In the same manner, the thickness can be de ned
according to the density jump. Using the continuum theory the shock thickness can also
be expressed as a function of the Mach number ahead of the shock front

L

8
;
3(M1 1)

(2.28)

where  is the momentum exchange mean free path of the uid particles. Thus the thickness
of a shock wave is of the same order of magnitude as the mean free path. It follows that
the method of gas dynamics, where the gas is treated as a continuous medium, cannot
strictly be used to investigate the internal structure of a shock wave (see chapter 9).
When the Kn < 0:2 ahead of the stationary shock wave of a free jet (continuum ow
regime), the diameter of the jet is constant within the shock region and the RankineHugoniot (RH) relations hold. In the rare ed regime 0:5 < Kn < 0:2, a departure from
the RH relations is possible caused by an increase in the jet diameter but also by the
invasion of the jet by the background gas particles.

2.4.4 Shock wave pro le

Hydrodynamic approximation

When the continuum approach is valid, and in the low intensity shock wave approximation
(low M ), the velocity pro le across the shock front of a free jet ow can be calculated from
the Navier-Stokes equation [12, 33, 34]. This leads to the Taylor shock structure solution
for the development of the drift velocity w along the direction z normal to the shock front
+1
(w
2a 1

!

w w (z )
w2 )z = ln 1
;
w(z ) w2

(2.29)

where z = 0 refers to the center of the shock front and a is a coeÆcient related to acoustic
attenuation [12]. In rst order approximation, this coeÆcient can be estimated using the
gas kinetic theory to express the viscosity and the thermal conductivity of the gas. One
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obtains a = cs . From the ux conservation, one can derive the density distribution over
the shock wave
"
#
+ 1  n1 
n2 (n(z ) n1 )
w 1
z = ln
:
(2.30)
2a 1
n2
n1 (n2 n(z ))
A more complex approach consists of using the Burnett equations of hydrodynamics as
they appear from the Chapman-Enskog solution to the Boltzmann equation [35]. More
information about hydrodynamic models can be found in reference [34] and [35].

Solution of the Boltzmann equation
In the case of a strong shock wave or when the continuum assumption is no longer legitimate, the shock structure can only be investigated using the kinetic theory, i.e. by looking
directly at the solution of the Boltzmann transport equation. It is a complex problem
mainly caused by the nonlinearity of the Boltzmann equation. A possible way of solving
the problem is to calculate the numerical solution of the Boltzmann equation by direct
Monte-Carlo simulation method [38, 39].
In this thesis we only propose to look at a simple approach that consists of solving
the Boltzmann equation assuming that the distribution function within the shock wave
can be decomposed into two Maxwellian terms (see chapter 3 and 8). This approach
has been rst proposed by Mott-Smith [36] about fty years ago and later extended by
several authors [32, 37]. Under the assumption of a bimodal distribution, one obtains
an approximate solution to the Boltzmann equation; then using the conservation laws a
theoretical density and velocity pro le throughout the shock region is determined








1 + nn21 exp 4Lz
n(z )
w1


:
=
=
n1
w (z )
1 + exp 4Lz

(2.31)

Eq. 2.31 is often used to model shock wave pro les at the limit of the continuum ow
regime. In the case of inert neutral particle expansion, the theoretical pro les are in good
agreement with the measured data [40, 41].

2.5 Conclusions
The set of equations governing the transport of neutral particles in the expansion of a
weakly ionized plasma as well as the main characteristics of the free expansion process
have been brie y presented. As we will see in the rest of this thesis, apart from the fact
that due to the high plasma temperature the ow is not adiabatic, the inert neutral (e.g.
Ar atoms or H2 molecules) ow is in good agreement with the free jet ow theory. On
the contrary, the reactive particle (e.g. H or D atoms) ow deviates signi cantly from
the classical picture. It will be demonstrated step by step that surface chemistry, surface
recombination of radical to form stable molecules in that case, strongly in uences the
transport mechanisms of any kind of radicals in plasma expansions.
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Chapter 3
Flow characteristics of a supersonically
expanding thermal argon plasma 1

Abstract
The transport of neutral argon atoms in an expanding thermal argon plasma seeded with
4 % of hydrogen is studied by means of laser induced uorescence spectroscopy, on the long
lived Ar[4s] atoms, and by UV Rayleigh scattering. The results of the latter con rm the inverse
quadratic dependence of the argon atom density with distance from the nozzle in the supersonic
part of the expansion. The measured atom density jump through the stationary shock wave
can be described with the Rankine-Hugoniot relations. From the Doppler-shifted laser induced
uorescence measurements performed on Ar atoms in the metastable Ar (3 P2 ) and resonant
Ar (3 P1 ) states, it is inferred that the velocity behavior of the supersonically expanding argon gas
can be predicted from the momentum balance, and the temperature from the Poisson adiabatic
relation. However, the adiabatic constant is found to be smaller than the adiabatic constant of a
neutral argon gas expansion. Non-Maxwellian distribution functions are measured along the jet
centerline, both at the arc exit and across the stationary shock wave. The results on temperature
and velocity in the subsonic region show that the radius of the plasma jet hardly increases after
the stationary shock front, indicating that the ow pattern is geometrically determined.

1

Adapted from:
R. Engeln, S. Mazou re, P. Vankan, D.C. Schram, N. Sadeghi, accepted for publication in Plasma Sources
Sci. Technol. (2001).
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3.1 Introduction
Expanding thermal plasmas are interesting both from a fundamental point of view as
well as from a view of the applicability. From a fundamental point of view, the plasma
expansion is the basis for describing phenomena ranging from astrophysical objects and
solar ares, the ow into the divertor region of a Tokamak, to laser spots and vacuum arc
spots [1, 2, 3, 4]. In view of the applicability, expanding thermal plasmas are used for
deposition of thin lms, etching and passivation of surfaces, and treatment of archelogical
artifacts [5]. Optimal energy conversion from the plasma source, via the expanding plasma,
to the gases used for surface treatment or modi cation, is therefore of eminent importance.
The study of the expansion process can substantiate the understanding of the conversion
process.
Over the past years, extensive studies have been performed on expanding plasmas.
Examples are Thomson-Rayleigh scattering measurements on the expansion properties of
pure argon plasmas and argon/hydrogen plasmas, which supplied electron and neutral
densities and electron temperatures [6, 7, 8, 9]. Coherent Anti-Stokes Raman scattering
experiments on hydrogen plasmas deliver absolute densities of ro-vibrationally excited H2
showing the importance of wall association and re-circulation of background gas [10]. In a
study on the in uence of wall recombination processes on the transport of radicals, twophoton laser induced uorescence measurements on hydrogen atoms in an argon/hydrogen
plasma are performed and atomic radical densities, temperatures and velocities are obtained [11, 12]. These studies give better insight in the physics of the expanding plasma,
like recombination, excitation, wall association and re-circulation.
Starting from a remote ionizing plasma source, the plasma expands supersonically and
becomes recombining. The supersonic ow domain ends in the formation of a stationary
shock wave. Behind this shock wave the plasma ows subsonically into the background.
In the downstream region of the plasma expansion molecules, e.g. SiH4 ; CH4 or C2 H2 , can
be injected into the plasma jet [13]. Here they are fragmented via charge-exchange and
dissociative recombination reactions into radicals. These molecular radicals are transported
by the plasma ow towards a substrate. At the substrate they can stick to the surface
and contribute to lm growth, re ect from the surface or recombine at the surface forming
'new' species. Depending on the residence time of the gases in the vessel (about 0.5 s at 20
Pa) the newly formed species can re-circulate and subsequently in uence the plasma ow
pattern. The understanding of the mixing of the injected monomers and newly formed
molecules with the plasma jet is important for optimal use of these species in the processes
at hand.
In most of the studies and applications of the expanding plasma jet, argon is used as a
carrier gas. Due to its relatively high mass, as compared to the one of injected gases like
hydrogen, nitrogen or methane, the velocity with which the plasma expands will be to a
large extend determined by the Ar velocity. We here report on laser induced uorescence
measurements on metastable argon atoms in an expanding thermal plasma generated from
a mixture of argon with a few percent of hydrogen. From these measurements both the
axial and radial velocity components and temperatures of the argon atoms are extracted.
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The non-Gaussian velocity distributions in the shock region indicate a departure from
thermodynamic equilibrium. It will be shown that the velocity and temperature in the
supersonic region of the plasma expansion can be described as a neutral gas expansion
with a modi ed value of the adiabatic exponent . Rayleigh scattering measurements are
used to determine the total argon atom density and ux in the plasma jet.

3.2 Experimental arrangement
3.2.1 Cascaded arc

The cascaded arc in which a thermal plasma is created (T^  1 eV) has been described
in detail elsewhere [14]. The arc operates at subatmospheric pressure (0.6 bar) It consists of 4 insulated plates with a 3 mm diameter channel. Three cathodes are positioned
concentrically around the channel. The nozzle, through which the plasma expands into a
low pressure chamber, is composed of a straight channel (6 mm diameter, 10 mm length)
followed by a diverging opening (45o , 5 mm length). During the measurements presented
here, a current of 40 A is drawn through the arc and an argon ow rate of 3.0 slm (standard
liter per minute) is used. A ow of 0.12 slm H2 is added to the argon ow to decrease the
ion density, and thus the metastable density, in order to avoid any signi cant diminution
of the laser intensity due to absorption by metastable atoms present on the laser beam
trajectory before reaching the excitation volume. Moreover, H2 quenches the Ar[4s] atoms
present outside of the expanding jet and therefore avoids the reabsorption of the LIF photons by these atoms, before reaching the detector. The in uence of molecular hydrogen on
the very fast ionization loss in an expanding argon/hydrogen plasma has been reported by
Meulenbroeks et al [15]. The electron and argon ion densities are reduced due to chargeexchange of Ar+ with molecular hydrogen, followed by dissociative recombination of the
ArH+ ion forming Ar and excited atomic hydrogen. This leads to an ionization degree of
less than 1 %.

3.2.2 LIF setup
A schematic view of the Laser Induced Fluorescence setup is depicted in Fig. 3.1. A
single-mode cw external cavity diode laser (EOSI LCU 2010M), delivering about 10 mW
of radiation, is used to excite Ar atoms in the expanding thermal plasma. The laser is
tuned to the 1s5 ! 2p9 transition at 811.53 nm or to the 1s4 ! 2p7 transition at 810.37
nm [16]. The velocity along the laser beam, wz , of the group of atoms in the metastable
1s5 and resonant 1s4 state absorbing the laser photons at frequency  is deduced from the
relation
 0
wz = c 
;
(3.1)
0
where 0 is the transition frequency for atoms at rest and c the speed of light. In one conguration the laser beam propagates opposite to the ow direction of the plasma jet and
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Fig. 3.1: Schematic view of the experimental LIF setup using a cw laser source and synchronic
detection. Also shown is the cascaded arc and the expanding thermal plasma. Spatial
scans through the plasma jet can be made by moving the arc relative to the intersection
of laser beam and detection volume.

excites the atoms on the center z -axis of the expansion. In another con guration the beam
is directed perpendicular to the ow direction. In this case the radial velocity of the atoms
excited at di erent radial positions in the jet is monitored. The laser light is chopped at a
frequency of about 800 Hz and the laser induced uorescence signal is detected under 90o
with a photo multiplier tube (PMT). A high pass lter ( cut-o 780 nm) placed between
the plasma and the detector avoids saturation of the detector due to the emission of the
plasma. A slit in front of the detector determines the spatial resolution of the measurements to 2 mm in both z and y -direction. The signal from the PMT is analyzed with a
lock-in ampli er with an integration time of 500 ms. The signal of the chopper is used as
a reference signal for the lock-in ampli er. Part of the laser light is used to measure simultaneously the absorption pro le of argon atoms in a low pressure argon lamp (T  600 K)
and the transmission of a Fabry-Perot etalon. The three signals are recorded simultaneously with a 12 bit 200 kHz analog-to-digital converter (National Instruments PCI-6023E).
The tuning of the laser is controlled by the lock-in ampli er via a voltage supplied to the
piezo connected to the end mirror of the external cavity of the diode laser. In this way
mode hop free scans of a few wavenumbers can be recorded. A typical recording of three
traces is shown in Fig. 3.2. The LIF signal in Fig. 3.2 is measured at z = 10 mm in the
expanding plasma jet after excitation of the Ar (1s5 ) !Ar (2p9 ) transition at 811.53 nm.
The linewidth of the laser is in the order of 1 MHz, much narrower than the line width
of the recorded Ar transition in the expanding plasma and low pressure argon lamp. The
frequency shift between the absorption in the lamp and the LIF signal from the plasma
is directly related via Eq. (3.1) to the velocity of the Ar atoms in the expanding plasma.
The simultaneously recorded Airy-type transmission of the Fabry-Perot etalon is used to
36
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Fig. 3.2: A measurement showing three traces: the LIF signal from the excited Ar metastables

in the plasma expansion, the absorption spectrum in a low pressure argon lamp, and
the transmission of the Fabry-Perot interferometer.

linearize the frequency axis.

LIF measurements
LIF measurements at di erent axial positions (z ) have been performed in the expanding argon plasma jet for two di erent background pressures, i.e. 20 and 100 Pa, and on
two di erent Ar[4s] ! Ar[4p] transitions, i.e. 1s5 ! 2p9 and 1s4 ! 2p7 . The recorded
spectral pro le of the transition is a direct measurement of the Ar atom velocity distribution function (VDF) along the laser beam axis. The local mean Ar atom velocity is
deduced from the line pro le. If the system is in thermodynamic equilibrium (Gaussian
VDF), an Ar atom temperature can be de ned (related to the width of the line). The area
of the peak provides a direct measure for the local density.
Mainly the results on the 1s5 state | the lowest metastable state | will be discussed,
since the velocity distributions of the 1s4 state | the lowest resonant state | showed no
signi cant di erence with the former one. In Fig. 3.3 two velocity distributions are shown,
measured at z = 60 mm. One is recorded after excitation of the 1s5 ! 2p9 transition,
and one after excitation of the 1s4 ! 2p7 transition . In both cases the same experimental
plasma conditions were applied. The small di erences could be attributed to a di erence
in position at which the two spectra are recorded. The day to day reproducibility of the
position of the plasma source in the z direction is in the order of 1 millimeter.
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Fig. 3.3: Axial velocity
distribution of atoms in the Ar (3 P2 ) metastable state (open square)
3

and the Ar ( P1 ) resonant state ( lled square) recorded at z = 60 mm. The arc is
operated at standard conditions; the background pressure is 20 Pa.

3.2.3 Rayleigh scattering
The Rayleigh scattering [17, 18] measurements are performed with the UV laser beam
used to detect atomic hydrogen by means of two photon laser induced uorescence. The
laser setup is described elsewhere [19, 20] (see also chapters 4 and 6). In short, a 20 Hz
frequency doubled Nd:YAG laser beam is used to pump a tunable dye laser, which delivers
light around 615 nm. This light is then frequency tripled (KDP + BBO crystals). In this
way about 2 mJ of tunable radiation around 205 nm can be obtained (5 ns pulse duration,
horizontally polarized). The Rayleigh scattering cross-section increases when the radiation
wavelength decreases ( 4 dependence) which allows for using a relatively low energy per
pulse (compared to the Nd:YAG laser beam for instance). Moreover, the ratio of the
scattered light to the stray light increases at low wavelength. The UV radiation is directed
into the expansion vessel and the scattered light is detected under 90o with respect to both
the laser beam and the plasma jet with a solar blind photomultiplier tube. The current
detection limit for the total density in an Ar-H2 plasma is 1020 m 3 . The latter does not
permit to measure the Ar density accurately at a background pressure below 40 Pa. The
Ar density pro les reported here have been measured under slightly di erent experimental
conditions [11]: 3 slm Ar and 0.5 slm H2 . The small di erence in the hydrogen ow is
taken into account when the density pro les are used in the data analysis.
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3.3 Interpretation of the LIF spectra
In Fig. 3.4 measured axial velocity distribution functions are shown, recorded at 6 di erent
z positions at a pressure of 20 Pa after excitation of the Ar (1s5 ) !Ar (2p9 ) transition.
The laser frequency is converted to the velocity along the laser propagation direction by
using Eq. (3.1). Although the measured spectra originate from metastable Ar atoms, it
will be demonstrated that the velocity distributions image the velocity distributions of
ground-state Ar atoms.

3.3.1 Recombination of Ar ions
Argon atoms in the longlived 4s states that are used for the determination of velocity
pro les are formed in a three particle recombination process
Ar+ + e + e ! Ar + e:
(3.2)

It is well established that all Ar atoms produced in this three particle recombination
cascade down to the 4s states [21, 22]. We will rst discuss conditions under which the
velocity distribution pro le of these longlived atoms is identical to that of the ground state
argon atoms. We consider a cross section of 2  10 19 m2 for Ar-Ar collisions and a cross
section of 1  10 18 m2 for both Ar+ -Ar and Ar[4s]-Ar collisions. We also suppose that
at any z , the electron density will be about 100 times smaller than the argon density [23].
The argon density is determined from the Rayleigh measurements at 42 and 100 Pa (see
Fig. 3.9). The gas temperature Tg and the axial velocity wz are assumed to be equal to
the temperature and mean velocity of the metastable Ar atoms. Shown in Fig. 3.5a for a
20 Pa background pressure and in Fig. 3.5b for 100 Pa, are the mean distances, 00 , i0
and m0 , in the laboratory frame, that an Ar, Ar+ or Ar[4s] can travel along the z -axis
before colliding with an argon atom. All distances are calculated according to the following
relation
w
= z :
(3.3)
nvth
The thermal velocity vth is deduced from Tg according to
s

2kTg
:
(3.4)
m
To consider the kinetics of the four Ar[4s] states, we must rst remember that the three
particle recombination process is instantaneous, and thus the argon atoms in the metastable
and resonant states formed in this process image in rst instance the velocity distribution
of the ions. The cross section for collisions of Ar+ ions with argon atoms, including both
charge transfer and elastic collisions, is about 10 18 m2 [26]. Consequently, as one can see
in Fig. 3.5, for z < 20 mm, the path length of the ions, i0 , is smaller than 2 mm. This
means that ion-neutral collisions are fast enough to equilibrate the velocity distribution of
ions and argon atoms. We therefore assume that in view of the smallness of i0 compared
to the local gradient lengths, the Ar+ ions and Ar atoms will be in equilibrium at these
positions and further downstream.

vth =
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Fig. 3.4: Axial velocity distributions of metastable Ar recorded at 6 di

erent z positions along
the jet axis at 20 Pa background pressure. The metastable Ar VDF images the groundstate Ar VDF. The full lines show the result of a t using a bimodal approximation.
The dashed lines show the individual Gaussian VDF. Departure from thermodynamic
equilibrium occurs both at the source exit and within the stationary shock wave.
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Fig. 3.5: The mean distance an Ar, Ar+ and Ar can travel along the z-axis before colliding
with an argon atom at 20 Pa (a) and 100 Pa (b) background pressure. me denotes
the mean distance an Ar[4s] atom can travel along the z -axis before being transferred
to an adjacent Ar[4s] state.

Surprisingly, at short distances from the exit of the nozzle (z < 16 mm at 20 Pa
and z < 8 mm at 100 Pa) we observe a forward peaking of the velocity distribution (see
Fig. 3.4a).

In uence of the electric eld
The forward peaking of the VDF, i.e. the existence of very fast particles, has already been
reported in e.g. time-of- ight measurements in a plasma created from a hollow cathode
arc [27]. The fast component of the measured VDF may be attributed to metastable atoms
born from recombination of Ar+ ions accelerated by an electric eld generated from the
gradient of the charge density in the expanding jet. The amplitude of this eld is given by
the Boltzmann relation [28]
rn
(3.5)
E (z ) = T^e :
n
Since the decay of ne is similar to the decay of the neutral density [6], for z > 4 mm,
rn=n is approximately 2/z and assuming T^e = 0:3 eV, identical to the gas temperature,
the amplitude of the electric eld would be about 120 V/m at z=5 mm and 60 V/m at
z=10 mm. In the valley and after the shock front the gradient and thus the elds are much
smaller and reverse. Consequently the fast component should disappear as it is observed.

3.3.2 Coupling between ground-state Ar and Ar[4s]
Concerning the Ar[4s] atoms, momentum transfer and metastability-exchange collisions
with a cross-section of about 10 18 m2 will mix the Ar (3 P2 ) metastable and ground state
41
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atoms. The collision cross-section  is determined from a measured di usion coeÆcient
D = 1:7  1020 molecule m 1 s 1 at 300 K [29]. The relation between D and  is [34]
3 < w >
D= p
(3.6)
16 2 
Here < w > is the mean velocity of argon atoms at 300 K. We can see in Figs. 3.5a and 3.5b
that except for 30 < z < 100 mm at 20 Pa and z around 20 mm at 100 Pa, the mean path
length of metastable atoms, m0 , is comparable to, or smaller than the spatial resolution
in our experiments. Similarly, the radiative lifetime of the resonant Ar (3 P1 ) and Ar (1 P1 )
states is in the order of 10 ns. However, under our experimental conditions, due to the
radiation trapping [25], the e ective lifetimes of these states become a few microseconds.
Consequently, due to this e ect, resonant and ground-state argon atoms are very eÆciently
coupled and can therefore be considered as being fully mixed. As an example, at an argon
density of 1020 m 3 , the mean free path of the resonant VUV photons is less than 0.1
mm. This means that the velocity distribution of the resonant Ar (3 P1 ) and ground state
atoms are identical. Also, collisions with electrons will transfer Ar[4s] atoms between the
resonant Ar (3 P1 ) and metastable Ar (3 P2 ) states, via Ar (3 P2 ) + e $ Ar (3 P1 ) + e. The
mean distance me that Ar[4s] atoms can travel along the z -axis before being transferred
to the adjacent state is determined by the relation me = wz =(ke  ne ). For this reaction
the rate coeÆcient ke is about 2  10 13 m3 s 1 [24]. Assuming an electron density with
the same z-dependence as Ar atoms but 100 times smaller, we calculated the mean path
length of a metastable atom before su ering a collision with an electron for 20 Pa (see
Fig. 3.5a) and 100 Pa (see Fig.3.5b) background pressure. At 20 Pa, for most positions
me is smaller than the typical gradient length Ln = n=rn (about z /2 at these positions);
for 30 < z < 100 mm, the condition is marginally satis ed. At 100 Pa, the condition
is ful lled everywhere. Also, considering the velocity of the expanding jet wz  3 km=s,
from the microsecond range lifetime of the resonant states we can conclude that for most
positions the argon atoms in the metastable and resonant levels are produced and lost
locally [21]. We conclude that for z > 20(8) mm at 20(100) Pa, the velocity distribution
function of argon atoms in the 4s states is perfectly similar to that of the ground state
atoms. They are created from Ar+ ions already in equilibrium with argon atoms and they
are strongly coupled to the ground state atoms by collisional and radiative processes. Close
to the shock wave, located around z = 70 mm at 20 Pa and z = 30 mm at 100 Pa, the
mean free path for the neutral-neutral collisions becomes larger than the gradient length
Ln , which means that the velocity distribution of argon atoms can be non-Gaussian in this
region.

3.3.3 Ar velocity distribution function

Departure from thermodynamic equilibrium

The velocity distributions shown in Fig. 3.4 can thus be seen as velocity distributions
of neutral Ar atoms. As discussed before, the distributions for z  20 mm can be distorted due to the existence of an accelerating E- eld acting on Ar+ ions. At 20 Pa, for
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Fig. 3.6: Behavior of the content of the metastable Ar VDF at 20 Pa background pressure along

the jet axis. (solid triangle). Also shown is the contents of both the fast (square) and
the slow (circle) component across the shock wave.

20 < z < 30 mm the measured distribution can be described to a good approximation
with a Gaussian pro le, i.e. the ow is in thermodynamic equilibrium. As can be seen in
Fig. 3.4c, behind z = 30 mm, i.e. in the shock region, the VDF measured along the jet
centerline starts to deviate from the equilibrium form. Across the stationary shock wave,
the Ar VDF can be decomposed into two Gaussian VDF: one corresponds to the conditions
upstream of the shock (\fast" component characterized by a high mean velocity and a low
temperature), and the other one corresponds to the conditions in the shock wave (\slow"
component characterized by a low mean velocity and a high temperature). The bimodal
approximation for the VDF within a shock wave has rst been proposed by Mott-Smith [30]
and latter developed by Glansdor [31]. However, in the so-called Mott-Smith model, the
slow distribution correspond to the condition downstream of the shock front, i.e. its mean
velocity and its temperature are constant. Across the shock wave, the population of the
fast Gaussian component is gradually transferred to the slow component by means of collisions [32, 33]. More information about shock wave properties can be found in chapter 8.
Behind the shock region, z  150 mm, i.e. in the subsonic region of the expansion, the
velocity pro le can be described with a single Gaussian again as shown in Fig. 3.4. In this
region the ow is in equilibrium and can be described along the jet axis with one mean
velocity and one temperature.
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Contents of the VDF
In Fig. 3.6 the contents of the VDF measured along the jet axis at 20 Pa background
pressure is shown as well as the contents of the two Gaussian distributions that compose
the VDF in the shock region. At the beginning of the expansion, for z < 20 mm, the
Ar[4s] density remains high and changes only by a factor of two. The local metastable
production compensates for convective losses due to the rarefaction e ect. The production
rate of Ar[4s] atoms, through electron-ion recombination, is proportional to n3e  Te 4:5
[35]. The rarefaction of ne due to the expansion can be compensated by the diminution of
Te in this region of the plasma jet. From z = 20 mm up to the shock wave, the density
rarefaction e ect (see chapter 2) is the main contributor to the decrease of the Ar[4s]
density. However, the density drops slightly faster than z 2 due to the eÆcient loss of
Ar[4s] atoms by collisions with electrons and by radiation. The production via threeparticle recombination can not compensate for the loss mechanism. Across and behind the
shock wave, the Ar[4s] density decreases since Ar[4s] slowly deexcite (mostly by collision
with electrons) to form ground-state Ar atom.
Within the shock region, the population of the fast component of the Ar atom VDF
gradually diminishes to nally disappear whereas the population of the slow component
gradually increases, due to the population transfer, until it remains the only component.

3.4 Ar atom temperature, velocity, and density
The mean velocity of a distribution is determined from the calculation of the 1st moment
R

v=

R

vf (v )dv
:
f (v )dv

(3.7)

At thermodynamic equilibrium, i.e. Gaussian VDF, a particle temperature T can be
de ned that corresponds to the spread in velocity. The 2nd moment of the distribution, i.e.
R

v2 =

(v

R

v )2 f (v )dv
;
f (v )d(v )

(3.8)

is used to calculate T via the relation kB T = 12 mv 2 , where kB is the Boltzmann constant
and m the mass of the particle. The temperature is in fact directly connected to the width
of the Gaussian pro le. In a non-equilibrium situation, a temperature can not strictly
be de ned. However, we proposed to de ne a mean temperature by the density-weighted
temperature of each Gaussian component of the VDF

T=

44

n1 T1 + n2 T2
:
n1 + n2

(3.9)
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Fig. 3.7: Axial pro le of the parallel temperature (circle) for two di

erent background pressures. In the shock region the temperature of the fast (square) and the slow (triangle)
component of the VDF is plotted. The solid line is the result of a calculation using
the Poisson adiabatic law with = 1.4.

Parallel temperature and mean axial velocity
The development of the parallel temperature Tk (associated with the velocity distribution
parallel to a stream line) along the jet centerline is shown in Fig. 3.7 for two background
pressures. Also shown in Fig. 3.7 is the temperature of the fast (cold) and slow (warm)
component of the VDF within the shock region. From a t to the measured temperature
pro le in the supersonic domain using the Poisson adiabatic law (Eq. 2.11) one obtains:
= 1:4  0:1, and To = 5600 K. The speed of sound in the source can be calculated
using Eq. 2.13: cs;o = 1270 m s 1. The adiabatic exponent proves to be lower than the
expected value for a monoatomic gas (5/3). It may arise from the in uence of the ionization
degree [36]. Another possibility is that a plasma expansion deviates from an adiabatic
expansion because of energy transfer from both the source and the hot background gas.
The temperature To in the nozzle is lower than the source temperature ( 1 eV) for two
reasons. First, due to the cascaded arc con guration, no energy is supplied to the plasma
in the nozzle and therefore the plasma starts to recombine inside the nozzle. Second, due
to the nozzle geometry (45Æ opening angle) the plasma starts to expand, and therefore to
cool down, inside the nozzle. In the subsonic domain, the temperature decreases because
of heat conduction to the vessel walls.
The measured axial pro le of the Ar atom mean velocity is shown in Fig. 3.8 for two
di erent background pressures. Also shown in the graph is the mean velocity of the two
components of the VDF across the shock wave. The axial pro le of the speed of sound,
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Fig. 3.8: Ar mean axial velocity pro le (circle) along the jet axis for two di

erent background
pressures. In the shock region the mean velocity of the fast (square) and the slow (triangle) component of the VDF is plotted. Also shown is the speed of sound calculated
from the measured parallel temperature (diamond) using Eq. 2.13. The solid line is
the result of a calculation using Eq. 2.22.

calculated from the measured Tk , is shown in Fig. 3.8. In the supersonic domain, the
measured velocity pro le is modeled using Eq. 2.22. For the two pressures, the plasma
is accelerated up to about six times the sound speed (M = 6.4 in front of the shock).
Both the position and the width of the shock wave depend on the background pressure as
expected. The shock wave being formed in a rare ed ow regime, its thickness is large.
At 20 Pa, respectively 100 Pa, the shock wave stretches from z = 30 mm to z = 250 mm,
respectively from z = 20 mm to z = 200 mm. The end of the shock is de ned as the
position where M = 1. The plateau visible inside the shock region at 100 Pa arises from
a second expansion phase due to the step by step adapatation of the Ar static pressure
throughout the shock wave. An interesting feature is observed in the 20 Pa case. The mean
velocity of the fast component of the VDF drops across the shock wave. In other words,
the measured fast component does not exhibit the properties of the supersonic component
de ned in the Mott-Smith approximation [30, 31]. The MS model is certainly too simple
to perfectly describe shock wave properties, however, the deviation from the predicted
behavior may be due to the existence at low background pressure of a third equilibrium
velocity component, the so-called scattered component [33, 37]. The good agreement of our
experimental results on average velocity and temperature with the calculations in which
we describe the thermal plasma expansion as if it were a hot neutral gas expansion with a
slightly di erent adiabatic constant, shows the validity of this approach.
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Fig. 3.9: Ar density pro le along the jet centerline of an expanding Ar-H2 plasma (3 slm Ar

and 0.5 slm H2 ) measured by means of UV Rayleigh scattering at 42 Pa (triangle) and
100 Pa (circle). Also shown is a calculated density pro le in the supersonic domain
using equation 2.17. The shock wave pro les ( rst compression stage) are modeled
using the Navier-Stokes equation in the two pressure cases.

Density
As shown in Fig. 3.9, the Ar density has been measured by means of UV Rayleigh scattering
for a background pressure of 100 Pa and 42 Pa in a plasma generated from an Ar-H2 mixture
R = 5  R ). In the supersonic domain, the decrease in density arises from a rarefaction
(Ar
H2
e ect (decay in z 2 ) and it is pressure independent. The data are tted using Eq. 2.17 with
the following parameters: no = 5  1022 m 3 , zref = 3 mm, and zo = 3.0 mm meaning that
the expansion starts already inside the arc nozzle as expected with our geometry. In the
subsonic domain, the density increases because the plasma ows at constant static pressure.
The shock wave is formed in a rare ed ow regime since Kn = 0.2 at 100 Pa and Kn = 0.4
at 42 Pa. The compression ratio equals 4 at 100 Pa, i.e. the maximum compression ratio
for an atomic gas, and 3 at 42 Pa. Seemingly the density jump through the shock wave can
well be modeled. The Navier-Stokes equation is used in Fig. 3.9 (the Mott-Smith approach
would provide the same outcome). However, only the rst compression stage is modeled
and the good agreement between the calculation and the experimental data is due to the
fact that the shock wave thickness L is a free parameter (L is taken to be the dimension of
the rst stage in that case, i.e. 25 mm). Using the real shock wave thickness, see Fig 3.8,
would lead to a very poor agreement. It means that the shock pro le models described in
chapter 2 do not account for a step by step change in the static pressure of the owing gas.
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Fig. 3.10: Ar atom on-axis forward

ux at
100 Pa determined from Rayleigh
scattering measurements.

Fig. 3.11: Axial mean velocity as function
of the parallel temperature in the
subsonic domain at 100 Pa background pressure.

3.5 Ar atom forward ux
Combining the axial velocity measurement with the Ar density measurement, one can
obtain the pro le of the Ar atom forward ux along the jet axis. The result is shown in
Fig. 3.10 at 100 Pa background pressure. In the supersonic ow domain, the ux decreases
as z 2 because of the density rarefaction e ect. The Ar ux entering the shock wave
(  3:2  1025 m 2 s 1 at z = 20 mm) matches to a good approximation to the Ar
ux behind the shock wave (  3:8  1025 m 2 s 1 at z = 200 mm). As expected the
ux across the shock region is conserved. The trend observed through the shock results
from the adaptation of the Ar static pressure to the background static pressure via several
successive compression phases. In the subsonic domain the Ar ux decreases since the
velocity decreases because of momentum exchange with the residual background gas.
Analysis of the ow pattern in the expansion chamber using a hydrodynamic code
(PHOENICS) [38], reveals that in the continuum ow regime behind the stationary shock
front the diameter of the jet stays approximately constant. Since the plasma ows at
constant static pressure in the subsonic domain, the drift velocity should be proportional
to the temperature. This proves to be indeed the case as shown in Fig. 3.11 at a background
pressure of 100 Pa. At low background pressure, i.e. in the rare ed regime, the jet opens
and the w / T relation is not valid.
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Fig. 3.12: Perpendicular

temperature T?
versus radial position measured at
20 Pa for two di erent z positions.

Fig. 3.13: Mean radial velocity component
as a function of r measured at
20 Pa for two z positions.

3.6 Radial pro les
3.6.1 Perpendicular temperature
The radial pro les of the perpendicular temperature T? (associated with the velocity distribution perpendicular to a stream line) measured at 20 Pa in the supersonic domain, see
Fig. 3.12, show evidence of the quasi adiabatic cooling e ect. They also reveal the structure
of the barrel shock wave. The structure visible in the core of the jet at z = 8 mm results
from a geometric e ect. The Ar atoms detected on the side have travelled a longer distance
in comparison with those moving along the axis, and therefore they have converted a larger
part of their thermal energy into kinetic energy. This leads to a lower temperature at the
edges of the jet.
At z = 20 mm, this geometric e ect is not noticeable. The particles can not convert
anymore their thermal energy, and the maximum velocity is reached. Furthermore at this
location the ow deviates from thermodynamic equilibrium: T? < Tk . The pressure is low
enough to enable the ow to reach the so-called frozen regime [39].
The rise in T? when going o -axis is due to collisions with Ar atoms in the barrel
shock wave. This temperature jump de nes the boundary of the plasma jet. Behind the
barrel shock wave, T? decreases towards the vessel walls because of heat transfer to the
background gas. The gas temperature in the vicinity of the jet is rather low (T?  600 K).

3.6.2 Radial velocity component
As can be seen in Fig. 3.13, the radial pro les of the radial velocity reveals the Ar shock
wave structure. Because of the expansion process, the radial velocity rst increases when
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moving away from the jet axis. When owing Ar atoms collide with Ar atoms in the
barrel shock wave, the velocity decreases since it is converted into thermal energy, and the
temperature increases accordingly. As expected, the position of the Ar barrel shock as
deduced from the radial velocity pro le does coincide with the position deduced from the
corresponding T? pro le.
In the surrounding of the plasma jet, the measured radial velocity is around zero,
whereas it is established that in this zone Ar atoms are moving towards the jet due to the
existence of vortices (recirculation cells) [38]. In our conditions, their velocity is however
too low to be accurately determined (wr  20 m s 1).

3.7 Conclusions
Velocity and temperature measurements using Laser Induced Fluorescence spectroscopy
on metastable argon atoms in an expanding thermal argon plasma seeded with 4 % of hydrogen have been presented. We demonstrated that the velocity distribution of metastable
or resonant atoms re ects the velocity distribution of ground state argon atoms. At low
background pressure it is found that within the stationary shock wave the supersonic
component of the VDF is decelerated, in disagreement with the Mott-Smith bimodal approximation. This feature may reveal the existence of a third velocity component linked
with the invasion of the jet by the background gas.
The LIF measurements combined with the Rayleigh scattering measurements indicate
that the expansion of a thermal plasma can to a large extent be described as a hot neutral
gas expansion with a smaller adiabatic constant in the supersonic domain due to energy
transfer from both the source and the background.
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Chapter 4
Two-photon laser induced uorescence
spectroscopy of atomic hydrogen

Abstract
Two-photon Absorption Laser Induced Fluorescence (TALIF) spectroscopy is used to monitor
ground-state hydrogen atoms (H) properties in an supersonically expanding plasma. Hydrogen
atoms are excited with two 205 nm photons from the 1s 2 S1=2 ground-state to the n=3 level, and
the uorescence radiation is detected at the Balmer- line at 656 nm. A detailed description of
the experimental arrangement is presented. It includes: the generation of coherent tunable UV
radiation, the detection of the uorescence light, the signal acquisition and treatment, and a list
of all parasitic e ects that can disturb the uorescence yield. It is shown that from a spectral scan
over the two-photon transition several quantities can be extracted. The spectral pro le directly
re ects the local H atom velocity distribution function. At thermodynamic equilibrium, the mean
velocity is obtained from the Doppler shift of the peak and temperature from the width of the
peak (both in the direction de ned by the laser beam). The area of the uorescence line gives
the relative local H atom density. In order to obtain absolute H atom densities, the LIF setup
has to be calibrated. Two calibration methods are presented and compared: titration with NO2
in a ow tube reactor and comparison with two-photon excitation of krypton.
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4.1 Introduction
The experimental study of the transport mechanisms of ground-state (most populated state
in a recombining low temperature plasma) hydrogen atoms in the expansion of a thermal
plasma created by a cascaded arc requires the application of a diagnostic technique to
locally monitor H atom properties such as velocity, temperature and density. The very
sensitive Laser Induced Fluorescence (LIF) technique appears to be a good candidate [1].
It is non-intrusive, making it attractive for in-situ measurements, and state selective with
high spectral resolution, and measurements can be spatially as well as temporally resolved.
This well established method is often used to measure atomic or molecular densities in
chemistry [2], in low temperature plasma physics [3, 4], and in the eld of controlled nuclear fusion [5]. However due to the large energy spacing involved the detection of groundstate H requires the use of highly energetic photons (VUV domain of the electromagnetic
spectrum) of which generation is experimentally demanding [6]. The problems connected
with single-photon excitation can be avoided with the application of a two-photon excitation scheme. In this chapter, a detailed analysis of the Two-Photon Absorption Laser
Induced Fluorescence (TALIF) spectroscopy of ground state atomic hydrogen is presented
that includes among others a description of the experimental arrangement and accurate
explanations about the extraction of information from the measured two-photon spectral
pro le. This technique is currently used for detection of light atomic radicals in plasmas.
Several examples of the use of the TALIF diagnostic tool in H containing plasmas can
be found in literature: e.g. concentration measurements [7, 8] and surface loss coeÆcient
determination [9].
The excitation and detection scheme for ground-state atomic hydrogen applied in this
work is the one that was rst demonstrated by Bokor et al. [10]. In this scheme H is excited
with two 205.14 nm photons from the 1s 2 S1=2 ground-state to the n=3 level. The laser
induced uorescence radiation is detected at the Balmer- line (2 3 transition), thereby
largely avoiding self-absorption of the emitted photons. This has direct consequences for
the density range in which the detection technique is applicable. Several schemes for 2photon excitation of H to n=3 and n=4 with detection of non-resonant uorescence, that
di er in the number of laser beams and the wavelength combinations used for excitation,
the intensity, polarization, and bandwidth of the laser beams, and the wavelength of the
uorescence light, have been directly compared to each other [11]. This detailed comparison shows that the above described scheme for 2-photon excitation of H with a pulsed,
narrowband 205 nm laser beam gives the largest average number of uorescence photons
per incident laser photon.

4.2 Two-photon excitation process
The theoretical calculation of the uorescence yields that results from a two-photon excitation has already been performed in detail elsewhere [11, 12, 13, 14]. We here only propose
a rapid and simpli ed description of the calculation in the case of an unsaturated two54
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photon excitation (low laser intensity), i.e. the ground-state density remains practically
unchanged: n1 (t)  n1 (0). In that particular case a rate equation description is justi ed.
The e ect of the laser intensity on the ground-state population n1 can be described by
the following di erential equation

d
n (t) = W (t)n1 (t);
(4.1)
dt 1
where W (t) is the two-photon excitation rate which is expressed with the aid of the generalized two-photon excitation cross-section  (2)

hI^(t)i 2 ;
h
!

W (t) =

G(2)  (2) g ( )

(4.2)

where  is the photon frequency, h is the Planck constant, hI^(t)i is the mean laser pulse
power per unit area (in W m 2 ), g ( = 12 2 ) describes the normalized pro le of
the two-photon transition (in s) which is composed of the convolution of the laser line
pro le and atomic absorption line pro le, and G(2) is the two-photon statistical factor [15]
(G(2) = 2 for a stochastic multimode eld, e.g. a dye laser beam).
The population of the excited state n2 is given by

d
n (t) = W (t)n1 (t) (A2 + Q + (t))n2 (t);
(4.3)
dt 2
P
where A2 = i A2i is the total transition probability of the excited state, Q is the quenching
rate, and (t) is the photo-ionization rate. The number of generated uorescence photons
per unit volume n is given by
n = A2k

1

Z

0

n2 (t)dt

(4.4)

where A2k is the transition probability of the observed uorescence spectral channel.
If the loss of population due to photo-ionization is neglected ( (t) = 0), the total
amount of uorescence photons N detected at the laser frequency  is
^ 2
A2k (2)
(2) hI (t)i
N = n1 (0)
G g ( )
F:
A2 + Q
(h )2

(4.5)

The factor F is an experimental factor

T ;
(4.6)
4
where V is the detection volume, the detection branch solid angle, T the total transmission of the collection optics, and  is the detector quantum eÆciency. The time integrated
uorescence signal is therefore proportional to the initial ground-state population and to
the square of the laser pulse energy.
F =V

55

Chapter 4. TALIF spectroscopy of atomic hydrogen

Fig. 4.1: Energy diagram of the hydrogen atom and two-photon excitation scheme.

Two 205
nm photons are used to excite H from the ground-state to the n = 3 level. The
uorescence radiation is detected at the Balmer- line. The absorption of a third UV
photon from the n = 3 level leads to the formation of H+ .

4.3 Excitation and detection of ground-state atomic
hydrogen
The excitation and detection scheme for ground-state atomic hydrogen applied in this work
is the one that was rst demonstrated by Bokor et al. in 1981 [10]. In this scheme, depicted
in Fig. 4.1, H is excited with two 205.14 nm photons from the 1s 2 S1=2 ground-state to the
n=3 level. The n=3 ne-structure sublevels can not be resolved within the bandwidth
of the 205 nm laser radiation ( 0.18 cm 1 ). As a result, in a spectral scan over the
2-photon transition both the 3s 2 S1=2 and the 3d 2 Dj states will be excited, according to
the two-photon electric-dipole selection rules: ` = 0; 2 for a single electron atom where
` is the angular momentum. The case of multi-electron atom is extensively discussed in
Ref. [16]. The excitation is monitored by detection of the non-resonant uorescence on the
Balmer- transition at 656.3 nm from the 3d and 3s states to the 2p 2 Pj states. Usually
it is mentioned that the 3d 1s transition dominates over the 3s 1s transition because of
the 2-photon absorption cross section ratio [17]

 (2) (3d
 (2) (3s
56

1s) = 17:7 10 44 m4 ;
1s) = 2:3 10 44 m4 :
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Actually it depends on the degree of saturation of the transition whether the relative
population of 3d and 3s is determined by the relative transition strength or rather by
the ratio of the statistical weights of the respective quantum states. Moreover, we found
evidence for a pure statistical distribution of the population over all the n=3 sublevels from
an accurate measurement of the lifetime of the excited state [13]. This can be explained
by a complete `-mixing of the quantum states in the electric eld associated with the
propagating laser beam [18].
A detailed comparison between various 2-photon excitation schemes of H [11] shows
that the above described scheme with a pulsed, narrowband 205 nm laser beam gives the
largest average number of uorescence photons per incident laser photon.

4.4 Experimental arrangement
4.4.1 Generation of narrowband coherent tunable UV radiation
A scheme of the experimental laser system used to produce narrowband coherent tunable
UV radiation around 205 nm is depicted in Fig. 4.2. The laser system is based on a
pulsed Nd:YAG/dye laser combination. The second harmonic output beam (500 mJ pulse
energy at 532 nm, 6 ns duration) of an injection-seeded Nd:YAG-laser operating at 20 Hz
(Spectra-Physics/Quanta-Ray, GCR-230) is used to pump a tunable dye laser (SpectraPhysics/Quanta-Ray, PDL-3). The dye laser has a bandwidth of 0.07 cm 1 and delivers
radiation around 615 nm (sulforhodamine 640) with a pulse energy of typically 100 mJ. The
dye laser output is frequency doubled in a KD P crystal (type I). Upon exiting the crystal,
the polarization of the generated blue beam is rotated to coincide with the polarization
of the fundamental red beam using a low-order waveplate (/4 for the blue beam). Both
collinear laser beams are input to a BBO crystal (type I) for sum frequency generation.
The two crystals are electronically angle tuned by means of a feed back system to provide
a constant output energy while scanning the dye laser wavelength.
The tripled frequency component is separated from the others and directed towards
the vacuum vessel using high-power, high-re ective dielectric mirrors for 205 nm (45Æ )
that are at the same time transparent for the other wavelengths. This procedure results
in typically 2 mJ of tunable UV light around 205 nm for excitation of ground-state H.
The UV laser beam is horizontally polarized and its frequency pro le is Gaussian1 with a
measured bandwidth of 0.18 cm 1 [19].
The laser wavelength is calibrated by recording simultaneously the molecular iodine
(I2 ) absorption spectrum, of which the line positions are tabulated to high accuracy [20].
For this, part of the red dye-laser output is directed through a I2 absorption cell. This
glass cell has a 2.5 cm diameter and a 60 cm length and contains only iodine (solid and
vapour). The transmitted light intensity is measured behind the cell with a photodiode.
The absorption can be optimized by adjusting the I2 vapour pressure with a heating wire
around the cell.
1

The laser beam pro le has been determined using a two-photon excitation of N atom at 207 nm.
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Fig. 4.2: Schematic view of the laser system used to generated narrowband coherent tunable

radiation around 205 nm. The output beam of a tunable dye laser is converted into
a UV laser beam after indirect third harmonic generation in crystals with nonlinear
optical properties. The frequency of the laser beam is calibrated using the absorption
spectrum of molecular iodine.

4.4.2 Fluorescence light monitoring
The frequency-tripled laser light is directed into the vessel either perpendicular to the
plasma expansion axis or counterpropagating with the expansion, as depicted in Fig. 4.3.
In the default perpendicular con guration, where the radial velocity component wr and
the perpendicular temperature T? (associated with the velocity distribution perpendicular
to a stream line) can be measured, the UV laser light is focused into the plasma with a
60 cm MgF2 lens. When the axial velocity component wz and the parallel temperature
Tk are to be measured, a 1 m focusing MgF2 lens is used in combination with a quartz
right-angle prism that directs the light anti-parallel to the plasma beam. In this way only
the prism is exposed to the plasma and the combination of its relatively large distance
from the plasma source with its mounting in a watercooled protection cylinder ensures a
few hours of measurement time before cleaning of the prism is necessary.
The laser induced uorescence light originating from the focus is imaged onto an adjustable slit mask, in a direction perpendicular to the plane formed by the laser beam and
the symmetry axis of the expansion. This is done by two 10 cm diameter plano-convex
lenses with focal lengths of 40 cm. The slit mask de nes the spatial resolution (typically
11 mm2). The laser induced uorescence light that passes the slit mask is detected by a
gated photo-multiplier (PMT Hamamatsu, R928). The continuous background light emitted by the plasma is strongly reduced by a narrow bandwidth interference lter located in
front of the detector (10 nm FWHM, centered at 656 nm).
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Fig. 4.3: Schematic view of the TALIF detection branch. The UV laser beam can be directed
either perpendicular or parallel to the ow direction. Spatial scans through the expanding plasma are performed by moving the cascaded arc relative to the intersection
of the laser beam and the detection volume.

However, the suppression of the plasma emission by the optical lter is not always
suÆcient to allow the PMT to be used with maximum gain. This is a well-known problem
in the application of the LIF technique in light emitting media like those encountered in
plasma and combustion research, which is usually solved by gating the detection. The
Hamamatsu PMT R928 is equipped with a gate unit that enables triggered operation
of the PMT during a short time interval (typically 2 s ). This reduces the continuous
background further by a factor of 2  104 , in principle enabling operation of the PMT
with maximum gain in all circumstances.
The PMT signal is recorded by a digital sampling oscilloscope (500 Ms s 1 , 100 MHz
bandwidth). The oscilloscope can be used both for time-integrated and for time-resolved
measurements. The signal trace is transferred to the PC where it is analyzed. This enables
also baseline corrections and a precise time integration of the signal. The PC also controls
the wavelength scanning of the dye laser.
The cascaded arc plasma source is mounted on a translation stage. Spatial scans
through the expanding plasma are performed by moving the cascaded arc relative to the
intersection of the laser beam and the detection volume.

4.4.3 Parasitic e ects
Before focusing on the extraction of information from the H atom spectral pro le, it is
necessary to review the numerous parasitic e ects which can disturb the laser induced
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uorescence signal, in order to be able to either avoid them or, when not possible, to
quantify and subsequently account for them.

Collisional quenching
The uorescence quantum yield qf is given by the Stern-Vollmer factor

qf =

Akl
= Akl k :
Ak + Q

(4.7)

This factor is the ratio between the spontaneous emission rate Akl of level k on the transition
to level l where the uorescence is monitored, and the total depopulation rate of the excited
state, which is the sum of the total spontaneous emission rate Ak and the non-radiative
depopulation (quenching) rate Q of level k. The total depopulation rate determines the
life-time k of this state.
The most common uncontrolled depopulation mechanism is the collisional quenching
of the upper state, which occurs when numerous collisions take place during the radiative
lifetime of the excited state. This is a well-known problem in the application of LIF in
experiments at high density, as for instance encountered in combustion research. However,
the importance of uorescence quenching can be easily underestimated in the eld of (lowtemperature) plasma research, where the quenching by electrons can be very eÆcient [13].
The occurrence of quenching can be readily checked in a time-resolved LIF experiment,
where the e ective life-time k of the upper state k is measured. This lifetime is directly
related to the quenching as is indicated by equation 4.7. In fact, a measurement of the
lifetime will establish the value of the Stern-Vollmer factor, which potentially allows to
correct the density values accordingly. Note that in case the quenching is strong, the
uorescence pro le follows in shape the laser pulse and the lifetime can not be extracted
from the measured time pro le. In a plasma jet generated from an Ar-H2 mixture or from
pure H2 , a decay time of about 10.0 ns has been observed over the entire range of plasma
parameters encountered in this plasma, as shown in Fig. 4.4. The longer decay time close
to the source outlet is due to the reabsorption of Lyman- photons (3d 1s transition) by
H atoms within the detection volume (nH  1021 m 3).
Shortly repeating the discussion in reference [13], this is exactly the decay time expected
in the case of a statistical distribution of the population over the n=3 sublevels arising from
`-mixing induced by the laser E eld. Arguments that the 10 ns decay time is the result
of quenching of the 15.5 ns 3d ! 2p natural decay time can be discarded, since the same
decay time has been found for a large range of ground state H, electron, and Ar(He, H2 )
densities. The value of the collisional quenching rate coeÆcient can be found in Ref. [21, 22]
for several collision partners.

3-photon ionization
A characteristic of the applied H excitation scheme is that only one additional laser photon
is needed for ionization of the excited atom, as is indicated in gure 4.1. When the laser
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Fig. 4.4: Axial pro le of the decay time of Fig. 4.5: Log-log
the deconvoluted time-resolved uorescence signal measured in an
Ar/H expanding plasma at 20 Pa.

plot of the uorescence
yield as a function of the laser
pulse energy (nH = 1019 m 3 and
TH = 800 K). The slope is equal to
2.050.07.

intensity is increased, this ionization pathway will eventually limit the uorescence yield, as
the rate of depopulation via this process starts to compete with the radiative depopulation
rate [11].
Depending on the type of plasma and the ionization degree, the laser-induced excited
state, ion, and electron densities can be several orders of magnitude higher than the respective stationary densities. A complete model is then needed to quantitatively assess
the e ect of the pulsed laser excitation on the local plasma parameters. In a concurrent
study presently performed in our group, a time-resolved collisional radiative model (CRM)
for H has been developed, that models the response of a system of levels to a temporary disturbance of the level population distribution by for instance pulsed laser excitation
of one of the levels [13]. This study shows, among others, that for conditions typically
encountered in the expanding cascaded arc plasma, the ion and electron densities can temporarely increase easily by a factor of ve due to the applied laser pulse. In such a case,
the laser diagnostic method can hardly be quali ed as `non-intrusive' as far as charged
particle density and temperature are concerned.

Ampli ed stimulated emission generation
Another uncontrolled depopulation pathway that might occur is ampli ed spontaneous
emission (ASE) of the laser-excited state [23]. The ASE will propagate within a small solid
angle around the laser beam axis, and, consequently, the upper state population lost in
this way will not be observed by the LIF detection branch. ASE of Balmer- radiation at
656 nm in a two-photon LIF experiment for detection of ground-state H has been reported
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both for measurements in a ame [24], as well as for measurements in glow discharge
plasmas [25, 26]. In these studies, the possibility of explicitly using the ASE signal for the
detection of H is investigated.

Dissociation of molecules
A further phenomenon that can disturb the proportionality between ground-state density
and observed LIF signal, is the production of the atoms under investigation by the UV laser
itself via photo-dissociation of molecules. This is commonly recognized and described in a
number of papers [27, 28, 29]. The e ect can even be turned into an advantage by using
it to identify an impurity and measure its density via an analysis of the spectral pro le of
the LIF signal [27, 29]. In the expanding cascaded arc plasma generated from a mixture
of Ar and H2 , the only species that could produce H atoms from photo-dissociation is
molecular hydrogen. We checked the possibility of 205 nm ( 6 eV) photo-dissociation of
H2 by lling the vessel with pure molecular hydrogen at room-temperature. For the highest
laser-intensity used in our experiments (2 mJ), we did not observe any H LIF signal for
pressures up to 200 Pa. This does not exclude that photo-dissociation of H2 occurs in the
plasma. While the e ect is negligible for room temperature H2 , it could still be noticeable
for hot molecules when the photo-dissociation cross-section is suÆciently enhanced for
vibrationally excited molecules. Photo-dissociation of molecules by the UV laser can also
seriously disturb the temperature determination. Depending on the excess energy, the
atomic fragments end up with more than their thermal share of kinetic energy. This gives
rise to a large Doppler width and an apparent high atom temperature. Observations of high
atomic hydrogen temperatures in RF, microwave, and DC discharges have been associated
with photolysis of NH3 , H2 S, C2 H2 , C2 H4 , and Si2H6 [27, 28, 29]. In fact, the photolytically
produced atoms exhibit a spectral pro le characteristic of their precursor molecule, and
the Doppler width can be used to determine the excess translational energy enabling an
identi cation of the precursor molecule [27].

Saturation broadening
A last e ect that can signi cantly disturb the two-photon spectral pro le is saturation
broadening. The degree of saturation of a transition is given by the saturation parameter,
which is basically the ratio between the induced and the spontaneous emission rate of the
excited level [30]. Since the induced emission rate is directly proportional to the excitation
cross section, the saturation parameter for a two-photon transition will generally be very
small, and thus the required energy to saturate will be high.
Apart from collisional quenching that can be determined from time-resolved measurements, probably the best way to check for the existence of parasitic e ect is to measure
the laser intensity dependence of the H atom two-photon LIF signal from the plasma. For
ground-state H atoms a quadratic dependence should be observed for low laser intensities,
as shown in Eq. 4.5, saturating to a lower order dependence for higher intensities. When
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photo-dissociation by the UV-laser occurs, a higher order dependence will be observed [27].
Fig. 4.5 shows the LIF signal of atomic hydrogen from the expanding Ar-H2 plasma as a
function of the laser intensity. The slope of the data points indeed equals 2 within the experimental accuracy. From this it is concluded that in this plasma there is no contribution
to the H atom LIF signal from photo-dissociation by the UV-laser. Moreover, from the
gure it can be seen that the H two-photon excitation does not reach saturation in our
experiment and that the H two-photon LIF signal remains in the quadratic regime over
the entire range of laser pulse energies used in our measurements.

4.5 Density measurements
4.5.1 Integrated spectral pro le
The density information gained in a LIF experiment, although in principal absolute, is
in practice relative in nature. The relative local H atom density is obtained from the
integration of the two-photon spectral pro le, see Fig. 4.6. Every measured pro le is
obtained using 256 shots per data point because of the important pulse to pulse energy
uctuation (sd  25 %) of the UV laser beam.
The usual approach to get quantitative results from a LIF experiment is to calibrate
the set-up using an independent source of a well-known amount of the probed species. In
the case of stable neutral atoms or molecules this is easily accomplished with e.g. a gas cell
containing a xed pressure of this species. In the case of short-lived species like radicals or
ions, calibration is less trivial. For the calibration of the set-up for the atomic hydrogen
measurements, two di erent approaches are used.

4.5.2 Absolute densities: calibration methods

Titration reaction

The rst approach uses a ` ow-tube reactor' as a source of ground-state H atoms, in
which the exact amount of atomic hydrogen is determined by a titration. This method is
based on well-established ow reactor and titration techniques in chemistry [31], and has
already been applied more often in LIF measurements of ground-state H radical densities
in plasmas [32, 27]. A scheme of the ow-tube reactor, designed to allow implementation
in the expansion chamber, is depicted in Fig. 4.7. A small amount of molecular hydrogen
that is diluted in helium ows through a quartz tube that is mounted through the centre
of a Beenakker-type microwave cavity [33]. Atomic hydrogen is produced in the ow-tube
by dissociation of H2 in the microwave discharge (typical power of 80 W) that is sustained
in the cavity. The main ow continues down the quartz tube and a 0.5 m long te on tube,
transporting H atoms to a position 60 cm downstream from the discharge and only 1 or
2 mm away from the scattering volume of the laser, where they are detected with identical
excitation and detection geometry as in the expanding cascaded arc plasma. The tube
material has been chosen to minimize the H atom loss between the microwave discharge
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Fig. 4.6: Measured spectral pro le of the 3

1 two-photon transition in atomic hydrogen and
Gaussian t. The uorescence is detected at the Balmer- line. The area of the peak
is a direct measure of the H density (after calibration). The local temperature is
deduced from the Doppler broadening of the line after deconvolution with the laser
spectral pro le. The mean H velocity (in the direction of the laser beam) is determined
from the absolute Doppler shift of the line.

and the point where H is detected. The length of the tube ensures that no excited H atoms
arrive at the scattering volume of the laser.
The amount of H present in the scattering volume and responsible for the observed
signal is determined via a titration with NO2 . The NO2 comes from a calibrated mixture
of 2.11 % NO2 in He that can be added to the main ow via a small insert that enters the
main transport tube near to the end of it. The titration actually determines the H density
in the mixing region. To ensure that this density is as close as possible to the H density
responsible for the LIF signal in the laser scattering volume, the mixing region should be
as close to the exit of the main tube as possible. This distance is small compared to the
length of the main tube, and it can therefore be safely assumed that the ground-state H
density is constant over the last 3.5 cm of the ow-tube. Upon addition of NO2 , H atoms
are lost in the fast reaction
H + NO2 ! OH + NO;
(4.8)
with a rate constant k of 1:3  10 10 cm3 s 1 [31]. Solving the symmetric set of rate
equations
d
d
nH = knH nNO2 = nNO2
(4.9)
dt
dt
for the densities nH and nNO2 of H and NO2 , respectively, shows that when t ! 1, i.e.
when the reaction is complete, the remaining H density depends linearly on the initial NO2
density. Fig. 4.8 shows a typical titration curve, i.e. a measurement of the H uorescence
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Fig. 4.7: Schematic overview of the
reactor.

Fig. 4.8: Titration

ow tube

curve (800 sccm He,
8 sccm H2 , 85 W, I205 = 0.2 mJ).

signal from the ow-tube reactor as a function of the admixed NO2 ow. The dependence
is recorded both in a series with increasing ow and in one with decreasing ow. The H
LIF signal decreases linearly with increasing NO2 ow until it becomes indistinguishable
from the background (end point of titration). Given the 1:1 stochiometric ratio of the
T)
titration reaction, the NO2 density n(NO
at the x intercept in Fig. 4.8, which is necessary
2
to remove all H atoms, equals the original H density nH at the beginning of the titration
that gives rise to the LIF signal at the y intercept
T)
nH = n(NO
= ntot
2

T)
T)
(NO
p (NO
2
2
=
;
tot
kT tot

(4.10)

with p and T the pressure and temperature in the vessel, respectively, k the Boltzmann
T)
constant, (NO
the NO2 ow rate. The subscript tot denotes the total density or ow.
2
During the titration, the total ow tot is kept constant in order to keep the pressure p in
the vessel constant. The increasing ow of the calibrated NO2 /He mixture is balanced by
a decreasing additional pure He ow in the small titration tube.
The rst equality in equation 4.10 only holds under certain conditions. First of all,
the titration reaction should be complete. This condition can be quanti ed by evaluating
the solution of the set of equations 4.9 for the case that the initial NO2 density nNO2 ;0
approaches the initial H density nH;0 , i.e. near the end point of titration. This yields

nH (t) =

nH;0
:
1 + knH;0 t

(4.11)
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The end point of titration (nNO2 ;0 = nH;0 ) is only sharply determined if knH;0 t  1. This is
the condition for linearity and complete titration. In addition, the [NO2 ]/[H] stoichiometry
should be 1:1. Other reactions that could change the stoichiometry should only play a
minor role. The secondary reactions OH + OH ! H2 O + O and O + OH ! O2 + H
are signi cantly reduced at the low H concentrations in the ow-tube reactor [34, 35],
and other interfering reactions such as O + NO2 ! O2 + NO and OH + H2 ! H2 O +
H are made negligible by diluting both NO2 and H2 in He [34]. The second equality in
equation 4.10 implies the assumption of eÆcient mixing between the NO2 /He ow from
the titration tube and the main ow. A proper density calibration furthermore avoids a
`self-generated signal'. The occurrence of UV-photolysis of H containing impurities from
the ow-tube reactor can be easily checked by examining the Doppler-width of the H LIF
signal. This should yield a temperature close to room temperature. The Doppler width of
the H LIF signal from our ow-tube reactor corresponds to a temperature close to 400 K.
In the titration shown in Fig. 4.8 the end point of titration is not very sharply deterT)
mined, and is therefore derived from a linear t, yielding (NO
= 0.71  0.04 sccm. The
2
corresponding initial H density can now be derived from equation 4.10 using the settings
p = 240 Pa, T = 300 K, and tot = 908 sccm, resulting in nH = (8:2  0:4)  1019 m 3 .
The real inaccuracy in nH is however larger (around 25 %) since it is determined by the
uncertainty in the value of all parameters (pressure, temperature, ows) and by the uncertainty in the exact state of the chemical reactions involved. The condition for linearity and
complete titration can now be evaluated. The reaction time t is determined by the 3.5 cm
distance between the end of the titration tube and the exit of the main tube and by the
ow velocity. Using the above values yields t = 2.1 ms and knH;0 t = 22. This shows that
the condition for linearity and complete titration is only just ful lled.
It is of upmost importance to change as little as possible when switching between the
recording of the H LIF signal from the ow-tube reactor and that from the expanding
thermal plasma. In practice this means that the two measurements should be performed
directly after each other. Finally, when converting H LIF signal values from the plasma
jet to H densities one should take into account that the H atom temperature in the two
recordings will generally be di erent. This demands to compare only spectrally integrated
signal values.

Two-photon excitation of Kr
The second approach avoids the cumbersome generation of a well-known amount of atomic
hydrogen radicals from an independent source. Instead, a LIF signal is generated from a
xed pressure of a di erent stable species by a comparable two-photon excitation scheme.
The H density in the plasma beam can then be determined from the ratio of the LIF signals
when the ratio of the two-photon cross sections is known. This method has recently been
demonstrated for the calibration of ground-state atomic hydrogen densities [22] as well as of
ground-state atomic nitrogen densities [19, 22] by using a two-photon transition in krypton.
The method has also been applied to calibrate the uorescence yield of oxygen atoms via
a two-photon transition in xenon [12]. This method is more elegant and experimentally
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Fig. 4.9: Simpli ed energy diagram of krypton.

Also depicted is the two-photon excitation
scheme used to calibrate H densities (to be compared with Fig. 4.1).

easier than the rst one, but it relies on critical cross section data.
The basic idea behind a radical density calibration using a known density of a stable
species, is to nd and use an excitation and detection scheme in a stable species as similar
as possible to that of the radical. This warrants a comparable response to the laser excitation, especially when the excitation wavelengths are close to each other, which allows the
excitation conditions (laser spectral, temporal, and beam pro le, intensity, and focusing)
to be the same in the two LIF measurements. The excitation and detection scheme for
krypton that is used in the atomic hydrogen density calibration is depicted in gure 4.9.
In this scheme Kr is excited with two 204.2 nm photons from the 4p6 1 S0 ground-state to
the 5p'[3/2]2 state. The resulting non-resonant uorescence from this state to the 5s'[1/2]1
state is detected at 826 nm. In both schemes the excitation concerns a two-photon transition, which gives a quadratic response to the laser intensity in the small signal limit (low
laser intensity). The wavelengths used for excitation are in addition nearly equal and can
actually be generated from the same dye solution in the tunable dye laser. This means in
practice that we can switch between H and Kr measurements within an instant; the laser
is tuned to the other wavelength and only the uorescence lter in front of the PMT has
to be replaced.
In the quadratic regime and under equal excitation conditions, the ratio SKr =SH of
the spectrally integrated uorescence signals of krypton and hydrogen according to equation 4.5, reduces to [12, 19, 22]
(2) 
H IKr 2 AKr Kr TKr Kr
SKr nKr Kr
=
:
SH
nH H(2) Kr IH AH H TH H

(4.12)

Here, n refers to the ground-state density, I is the corresponding laser beam energy, 
is the photon frequency, A is the Einstein transition probability for the detected spontaneous emission,  is the lifetime of the excited state, T is the transmission of the optical
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Tab. 4.1: Values of the parameters involved in the H density calibration via krypton, using
equation 4.12. For the meaning of the symbols, see the text. The transmission T of
the optical lters in the detection branch for the respective uorescence wavelengths
has been measured with a FT spectrometer. The PMT quantum eÆciency  for the
Kr uorescence wavelength (826 nm) has been measured relative to the one for the
H Balmer- uorescence (656.3 nm) with a ribbon lamp.
Kr
H
Ilaser (mJ)
0.12
0.39
1
 (cm )
48972.985
48746.15
1
7
A (s )
2:7  10
4:4  107
 (ns)
35.4
10.0
T
0.95
0.447
 (relative)
0.088
1.0

detection branch for the detected uorescence, and  is the detector quantum eÆciency at
the corresponding wavelength. The solid angle that is captured by the detection optics,
the detection volume, and the gain of the photon detector are the same in the two LIF
measurements. The ratio of the two-photon excitation cross sections has recently been
(2) (2)
measured to be Kr
=H = 0.62 [22].
For the Kr LIF measurements the vacuum chamber is lled with 10 Pa Kr at room temperature which corresponds to a Kr density of 2:4  1021 m 3 . The two-photon transition
in Kr, that is induced here for the H density calibration, is easily saturated. The transition
is for instance known to readily generate ASE, enhanced by its small Doppler width [36].
Since equation 4.12 only holds in the quadratic regime, special care is taken to avoid saturation of the transition. A longpass lter, T = 0.95 above 700 nm, is used to reduce the
laser stray light impinging onto the PMT. The uorescence decay times  of Kr and H
have been measured with a fast PMT (Hamamatsu R5600P-01; 1 ns FWHM single photon response time [13]). As already mentioned, the lifetime of the H n=3 excited state
has been measured to be 10.0 ns. The lifetime Kr of the Kr 5p'[3/2]2 state is found to
be 35.42.7 ns, in agreement with a value recently measured by Niemi et al [22]. The
measured radiative lifetime of krypton is longer than the one usually found in literature
(Kr = 26.9 ns) [37]. In the calibration procedure reported here, a branching ratio of 0.95
is used for krypton. Table 4.1 summarizes the values of all parameters involved in the H
density calibration via krypton, using equation 4.12.
Figure 4.10 shows two axial pro les of the absolute atomic hydrogen density in the
supersonic domain of a thermal Ar-H2 plasma expansion. One density pro le is calibrated
via a NO2 titration in a ow-tube reactor, the other via a two-photon LIF measurement
of krypton. The H density values determined by the two di erent methods agree well
with each other. This comparison therefore validates the H density calibration via a twophoton LIF measurement of Kr, which is experimentally easier than the calibration with
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Fig. 4.10: Comparison between absolute atomic hydrogen density pro le along the axis of an
Ar/H plasma jet (20 Pa) that are calibrated via 2-photon excitation in Kr (triangle)
and via a titration in a ow tube reactor with NO2 (square). Using the latter, a
(2) (2)
2-photon cross-section ratio Kr
=H of 0.56 is obtained.

the ow-tube reactor, once the values of the parameters in equation 4.12 are accurately
determined.
Using the H densities determined with the titration method, a two-photon cross-section
(2) (2)
ratio Kr
=H equals 0.56 is obtained, in good agreement with the value 0.62 measured by
Niemi et al [22].
To conclude this section, the H atom density detection limit that can be achieved under our experimental conditions, has to be given. In an expanding Ar(H2 , He)/H plasma it
is found to be 1015 m 3, which is certainly suÆcient to obtain valuable information about
the amount of H atoms that are carried away by a plasma jet.

4.6 Temperature measurements
In case of thermodynamic equilibrium (TE), the local atom temperature is derived from
the width of the spectral pro le of the two-photon transition2. The experimentally observed linewidth is the result of the convolution of all contributions to the width. Under
our experimental conditions, the main contribution comes from the Doppler broadening
2

In TE, the temperature is related to the second moment of the velocity distribution function (VDF)
via the relation kT = 21 mv 2 ; a detailed calculation shows however that the temperature can simply be
determined from the width of the spectral pro le. Note that when the system departs from TE, the
temperature is not de ned anymore and one has to refer directly to the VDF.
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that results from the velocity distribution of the ground-state atoms. Collisions (pressure broadening) do not contribute signi cantly to the broadening of the line within our
pressure range (p < 1 torr). Another e ect that should be seriously considered when determining temperatures from LIF measurements in plasmas, is Stark broadening [38]. In the
plasmas investigated in this work, it will not signi cantly contribute to the experimentally
observed linewidth, since the Stark broadening of the two-photon transition in atomic hydrogen, which is mainly determined by the Stark coeÆcients of the n=3 level, is negligible
for the range of electron densities and temperatures encountered in the expanding plasma
(ne  1019 m 3, Te  0.3 eV [39]).
The general expression for the Doppler width D (FWHM) of a two-photon transition,
induced by the absorption of one photon with frequency 1 and one photon with frequency
2 with an angle  between their k-vectors, is [15]
D = 2(12 + 22 + 21 2 cos )1=2 v=c;

(4.13)

where v is the average velocity of the atom or molecule, and c is the speed of light in vacuum.
In the case of absorption of two photons from one single laser beam with a frequency of half
the transition q
frequency 0 (1 = 2 = 0 =2;  = 0), and with a Maxwellian distribution
function (v = 2 ln 2  kT=m), this expression reduces to the well-known relation between
the Doppler width and the temperature T
q

q

D = 0 =c 8 ln 2  kT=m = 7:16  10 7 0 T=M

(in cm 1 );

(4.14)

with k the Boltzmann constant, m the mass of the atom or molecule, and M its molecular
weight in amu. The Doppler width D is convoluted twice with the linewidth L of the
UV laser radiation (= 0.18 cm 1 [19]). Assuming a Gaussian spectral pro le for the latter,
the experimentally observed linewidth  is simply given by:  2 = D2 + 2L2 . In the
case of atomic hydrogen, the error in D | and thus in the temperature | introduced
by this squared summation when the laser spectral pro le is non-Gaussian, is expected to
be small since the observed linewidths are typically one order of magnitude larger than the
laser linewidth.

4.7 Velocity measurements
Besides determining the velocity spread | and from that the temperature | of the particles in the plasma jet from the Doppler width, in thermodynamic equilibrium the Doppler
shift of the center frequency 0 of the transition can be used to determine the mean velocity
of these particles3. The velocity w in the direction of the laser beam of a group of atoms
absorbing the laser photons at frequency  is given by [40]
 0
:
(4.15)
w=c
0
3

The mean particle velocity is obtained directly from the rst moment of the velocity distribution
function (VDF). In TE the mean velocity can simply be determined from the shift of the spectral pro le.
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Fig. 4.11: Example of a spectral scan with simultaneous recording of the H atom 2-photon LIF
signal (solid square) and the I2 absorption signal (solid line). The scan is recorded
on the jet centerline of an Ar-H2 plasma jet. The horizontal axis is two times the
energy of the UV photon used to excite H atoms. This axis is calibrated by the
position of the I2 absorption lines.

Previous equation is used to convert the measured spectral pro le into the local velocity distribution function (VDF) in the direction de ned by the laser beam. The energy
distribution function (EDF) can be obtained from the VDF using the kinetic energy formula E = 21 mw2 . At thermodynamic equilibrium, the VDF is Gaussian and the EDF is
Maxwellian.
To determine the Doppler shift, a Doppler shifted signal must be compared with a non
shifted signal, which usually requires two laser beams. An absolute determination of the
Doppler shift `only' requires an absolute frequency scale | and then the shift is obtained
from a comparison of the center frequency with the literature value | but obviously in that
case the laser frequency needs to be accurately calibrated. This is accomplished by using
a small fraction of the red dye laser output beam for the simultaneous recording of the
absorption spectrum of molecular iodine, as is described in the experimental section 4.4.
An example of such a simultaneous recording is given in Fig. 4.11. In the region of the
fundamental dye-laser frequency, the I2 spectrum shows many absorption lines that are
tabulated in frequency to an accuracy of 0.015 cm 1 [20]. The width of the I2 absorption
lines, which is at room temperature mainly determined by the underlying hyper ne structure, amounts to  0.03 cm 1 . The medium is therefore very well suited for the frequency
calibration of pulsed dye-lasers of which the bandwidth is usually in the same order of
magnitude (in our case 0.07 cm 1 ), and the method is widely used in spectroscopy.
Since the Doppler shift method determines velocities relative to the velocity of light,
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accurate results are not to be expected a priori, and it is worthwhile to address the topic of
accuracy into somewhat more detail. In the applied method, the error in the velocity has
several sources. The error in the calibrated frequency scale depends on the signal to noise
(S/N) ratio in the I2 absorption spectrum, and is ultimately limited by the bandwidth of the
laser. The attainable minimum error in the (fundamental) frequency scale is  0.01 cm 1 .
A further error comes from the determination of the center frequency of the two-photon
spectral line from the Gaussian t. The error in the observed center frequency depends
again on the stepsize in the spectral scan and on the S/N ratio of the H LIF signal. In
practice, the overall error in the velocity is mainly determined by this contribution.
A last uncertainty concerns the literature value for the transition frequency. Accurate
values for the energies of the individual n=3 sublevels can for instance be found in [41], but
since the maximum energy separation between these levels is smaller than the bandwidth of
the 205 nm laser radiation, these levels are not resolved and the resulting center frequency
will be at an averaged value. This leaves some room for the exact reference value to
take for the velocity determination. The one used in this work is obtained from the
experiment itself. In a measurement of the radial velocity in a radial cross section through
the expanding plasma jet, symmetry arguments are used to put the radial velocity on the
symmetry axis of the expansion to zero. This leads to the value 0 = 97492.315 cm 1 . This
value4 is very close to the averaged literature value that accounts for a pure statistical
distribution of the population over all the n=3 sublevels, which is consistent with the
lifetime of the excited state that is observed in this work.
The resulting maximum accuracy that can be attained in the determination of the
velocity of atomic hydrogen from the Doppler shift of the transition frequency in the twophoton LIF measurements in the expanding plasma is  200 m s 1 , which is a fraction of
less than 10 6 of the speed of light. This value is consistent with the S/N ratio that we
experimentally observe in our velocity measurements. This accuracy is certainly suÆcient
to gain valuable information about the ow pattern in the expanding plasma, where H
atom velocities in the range 0 { 8000 m s 1 are observed.

4.8 Conclusions
The TALIF spectroscopic method at 205 nm is perfectly suited for the study of the transport mechanisms of ground-state H(D) atoms in a plasma expansion. From the spectral
scan over the two-photon transition, several parameters can be extracted that are of crucial
relevance for the understanding of the plasma ow properties. First, the measured spectral
pro le can be easily transformed into the local H atom velocity distribution function that
allows for discussion about the thermodynamic state of the plasma. Second, a mean H
atom velocity as well as a temperature when the system is at thermodynamic equilibrium
(both are de ned in the direction of the laser beam) are obtained. Third, the local absolute
4

The transport of deuterium atoms (D) in a plasma expansion is also investigated in this thesis. The
energy diagram of D of H are linked via the isotopic mass shift relation [42]: ED = (D =H )EH , where 
is the reduced mass. One obtains D =H = 1.000272099 and 0 = 97518.843 cm 1 .
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H atom density is determined from the area of the uorescence line after calibration of the
LIF setup.
Therefore the TALIF diagnostic technique enable to accurately measure the plasma jet
density, velocity and temperature map. From the large dataset that is obtained, the expansion of H atoms can be compared with the classical inert neutral gas expansion picture.
This led among others to the discovery of anomalies in the transport of atomic radicals in a
plasma expansion. But more than that the application of the TALIF tool to H containing
plasma allowed to identify the reason of those anomalies: plasma-wall interactions.
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Chapter 5
Anomalous atomic hydrogen shock pattern in
a supersonic plasma jet 1

Abstract
A two-photon LIF study on the transport of ground-state atomic hydrogen in a supersonic
plasma jet, generated from an Ar-H2 mixture, reveals an unexpected shock pattern. Spatially
resolved hydrogen atom densities, temperatures, and velocities are measured in the expansion of
a thermal plasma source. Whereas both the axial velocity pro le and the temperature pro le of
hydrogen atoms along the jet centerline can be interpreted in terms of a supersonic expansion of
an Ar-H gas mixture, the H atom density pro les do not satisfy the well established RankineHugoniot relation leading to a non-conservation of the forward ux. The experimental results
show that H atoms escape from the supersonic expansion by a di usion process due to strong
density gradients between the core of the jet and its vicinity.

1

Adapted from:
S. Mazou re, M.G.H. Boogaarts, J.A.M. van der Mullen, D.C. Schram, Phys.

Rev. Lett.

84, 2622 (2000).
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5.1 Introduction
Plasma expansion from a high pressure source region into a low pressure region is a general
physical phenomenon [1, 2, 3] that covers a broad range of physical systems such as solar
ares, remote plasma systems, and vacuum arc spots. Apart from the large di erences in
scale, those phenomena exhibit numerous similarities. For instance, they are all governed
by the same set of equations, and after being accelerated the plasma ow undergoes a
transition from a supersonic to a subsonic regime resulting in the formation of a shock
wave structure.
From a practical view point it is advantageous to study the physics of expanding plasmas
on the intermediate scale as then the system is well suited for diagnostics. In this letter we
report on the study of the dynamics of a supersonic plasma jet generated by a cascaded
arc [4] from a mixture of Ar and H2 , where Ar is used as a carrier gas. We aim at
an understanding of the transport of ground-state atomic hydrogen (H) from a reservoir,
i.e. the plasma source, to a processed surface. From a fundamental perspective, such
an investigation is unique because, contrary to commonly studied supersonic expansions,
one of the components of the jet is almost absent in the background gas beyond the barrel
shock. Indeed, hydrogen atoms can recombine at the wall to form molecular hydrogen, and,
due to the large available surface, the vessel walls act as a huge sink for such a reactive
light component.
The study of the transport of atomic hydrogen has also a strong technological relevance
because H plays a key role as a chemical agent in many plasma processing applications
like plasma enhanced chemical vapor deposition [5, 6]. In addition, remote plasma sources
can be used to produce beams of neutral atomic hydrogen, and they may serve for volume
production of hydrogen negative ions, both species being of importance in the eld of
nuclear fusion.
In spite of speci c properties such as the presence of charged particles, high viscosity,
high thermal conductivity, and large temperature gradients over the radius, so far plasma
expansion has been described using the adiabatic supersonic expansion theory [7] developed
for the expansion of a neutral gas. This theory describes the continuum free jet shock wave
structure [8, 9] that results from the interaction of a supersonic ow with the ambient gas
when a gas or a gas mixture expands from a reservoir into a region with a nite pressure
rather than a perfect vacuum.
In the case of an expanding argon plasma, it has been demonstrated experimentally [10, 11] that the expansion of the neutrals can be well described in terms of the
adiabatic supersonic expansion of an ideal gas. Likewise, supersonic plasma ow created
by a cascaded arc from a Ar-H2 mixture should be understandable in terms of the adiabatic
supersonic expansion of a Ar-H gas mixture leading to the formation of a well de ned free
jet shock structure in the continuum regime. Only a segregation e ect, the so-called mass
focusing e ect [9], where the heavier species is relatively more concentrated in the center
of the jet, is expected in view of the mass di erence between H (1 amu) and Ar (40 amu)
atoms. Indeed, both the axial and radial pro les of the hydrogen atom velocity as well as
the axial temperature pro le are characteristic for a free jet shock structure as we will see.
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5.2 Experimental arrangement
Two-photon LIF

In the experiments reported here, ground-state hydrogen atoms are spatially probed using
a two-photon excitation laser induced uorescence (LIF) technique [12, 13]. A 20 Hz
Nd:YAG-pumped tunable dye laser is operated around 615 nm. The output of the dye laser
is frequency-tripled resulting in 5 ns pulses of tunable UV light around 205 nm with a pulse
energy of 2 mJ and a bandwidth of 0.18 cm 1 . The frequency-tripled laser light is directed
into the vessel either perpendicular to the plasma expansion axis or counterpropagating
with the expansion. It should be noticed that the dimensions of the detection volume
that can be achieved (<1 mm3) are smaller than the gradient sizes. Hydrogen atoms are
excited with two 205 nm photons from the 1s 2S ground state to the 3d 2 D and 3s 2 S states.
The excitation is then monitored by detection of the resulting uorescence yield on the
Balmer- line at 656 nm. From a spectral scan with the frequency calibrated laser over
the two-photon transition the local H atom density, temperature, and velocity along the
laser beam are obtained. By applying this method for di erent positions in the expansion,
the H distribution in the plasma beam in terms of density, temperature, and velocity has
been completely mapped.

Cascaded arc operating conditions
The cascaded arc is operated at a 40 A DC current and with a cathode-anode voltage of
100 V. A gas ow of 3.0 standard liters per minute (slm) Ar and 0.5 slm H2 is used. The
diameter of the arc channel is 3 mm, the stagnation pressure is 0.6 bar, and the opening
angle of the arc nozzle is 45Æ . Using a 6:1 Ar-H2 mixture, at the arc outlet the plasma
jet turns into almost a gas jet composed of Ar and H atoms and of residual H2 molecules,
the electrons being consumed immediately at the outlet of the arc channel [14]. Both the
amounts of H and H2 depend on the dissociation degree of the source which is around 30%
at the arc outlet with these operating conditions.

5.3 On-axis velocity pro le
The development of the H drift velocity along the jet centerline, shown in Fig. 5.1, gives
proof of an incomplete momentum coupling between H and Ar atoms inside the jet. First
the gas is accelerated over a few arc nozzle diameters to a maximum speed of about
4000 ms 1 , due to conversion of thermal energy gained in the arc into kinetic energy by
means of collisions. This value is not in agreement with a theoretical value of 3500 ms 1
found for the terminal velocity of a 3:1 Ar-H mixture, at a temperature in the nozzle of
5000 K, that expands into vacuum [9]. This indicates that H atoms are not perfectly
coupled with Ar atoms. From a comparison with the sound velocity pro le (Fig. 5.1),
determined from the measured parallel temperature Tk associated with the velocity distribution parallel to a stream line (see Fig. 5.2), the Mach number M can be estimated. At
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Fig. 5.1: Pro le of the H atom axial velocity component along the jet centerline at 20 Pa (open

square) and 100 Pa (solid triangle) background pressure. Also indicated is the local
speed of sound for an Ar-H2 mixture at pback = 20 Pa (circle), as it is determined
from the measured parallel temperature Tk .

a background pressure (pback ) of 20 Pa, M = 2.4 at the arc nozzle exit and M = 6 in front
of the stationary shock wave. A Mach number higher than 1 at the source exit (M = 1
correspond to a sonic ori ce) is expected in view of the nozzle geometry. Then the velocity
drops because of collisions between jet particles and background particles which results
in the formation of a stationary shock front whose thickness is in the order of one local
mean free path for H-Ar and Ar-Ar collisions. At pback = 20 Pa the Mach disk (end of the
shock wave) is located around 100 mm from the arc nozzle in agreement with the result
given by a theoretical expression for the Mach disk location [9, 15]. As can be seen from
Fig. 5.1, the deceleration of the ow in the subsonic domain depends on the background
pressure, because particles from the jet will lose their forward momentum more eÆciently
at higher pressure. The shape of the hydrogen drift velocity pro le is somewhat quite
similar to that of argon measured in the same conditions (see Fig. 3.8). It implies that the
ow characteristics of the plasma jet are to a large extend determined by the argon atoms.
However the fact that the H velocity is larger than the Ar velocity reveals that H and Ar
are not perfectly coupled during the plasma expansion.
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Fig. 5.2: Perpendicular temperature T? of H atoms as a function of the distance from the nozzle

exit at 20 Pa (open square) and 100 Pa (solid triangle) background pressure. Also
shown is the axial pro le of the parallel temperature Tk at 20 Pa. The theoretical
temperature pro le in the supersonic domain is calculated from the Poisson adiabatic
law with = 1.3 (solid line).

5.4 Perpendicular and parallel temperature
The axial pro les of the perpendicular temperature T? associated with the velocity distribution perpendicular to a stream line of atomic hydrogen, depicted in Fig. 5.2, clearly
reveal the presence of a stationary shock front. The shape of the axial temperature pro les
complies with the theory which predicts a strong cooling e ect in the supersonic domain
and a dependence of both the position and the thickness of the shock front on pback [16].
Nevertheless, using Rankine-Hugoniot (R-H) relations [17] and taking a value of 5/3 for the
adiabatic exponent , a Mach number ahead of the normal shock front of 2.6 is deduced
from the temperature jump over the shock in the 20 Pa case, in disagreement with the
value of 6 deduced from the axial velocity pro le. This discrepancy might be explained by
heat transfer from both the source and the hot background gas into the supersonic region
which partly disturbs the e ect of cooling in the core of the jet. This disturbance leads
to an apparent smaller , meaning that the expansion is not adiabatic. By taking a value
of 1.3 for , a Mach number ahead of the shock front of 5 is found and the calculated
temperature development in the supersonic domain using the Poisson adiabatic law [16],
agrees well with the measurements as can be seen in Fig. 5.2. In the background the
gas temperature depends both on the thermal conductivity of the gas mixture and on the
power input. The pro le along the jet centerline of the parallel temperature Tk associated
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with the velocity distribution parallel to a stream line measured at 20 Pa is also shown in
Fig. 5.2. In the supersonic domain, the two temperature components match each other,
i.e. the collision frequency is suÆciently high to maintain equilibrium and the continuum
ow conditions hold. Just ahead of the stationary shock wave, we observe a departure from
equilibrium: Tk > T?. In this region, the local mean free path becomes in the order of
the jet radius, i.e. collisions become scarce, and equilibrium can not be preserved. The jet
enters the so-called frozen regime: the parallel temperature \freezes" whereas the perpendicular temperature continues to decrease geometrically [9, 18]. Surprisingly, throughout
the stationary shock front the deviation from equilibrium subsists whereas the collision
frequency increases. This can be a direct consequence of an outward di usion of H atoms.
In order to explain the di erence between T? and Tk within the shock wave, we here anticipate on the results discussed in the next section and in the following chapter. In the
shock region, due to the numerous collisions with the background the temperature rises,
which simply images an increase in disorder. A large H atom out ow however can be seen
as an organized motion of particles in the radial direction which therefore leads to a lower
spread of the radial velocity component in comparison with the spread in the axial velocity
component. In other words, radial losses of H atoms act as a cooling mechanism and as a
consequence T? < Tk . Behind the stationary shock wave, i.e. in the subsonic domain, the
ow returns to equilibrium, T?  Tk , because of mixing with the background gas.

5.5 Anomalous H atom transport
5.5.1 Density pro le along the jet axis
In contrast to the previously mentioned results, the measured H atom density pro les along
the axis of the jet, depicted in Fig. 5.3, are in con ict with the theory. Throughout the
stationary shock front no discontinuity (or jump) in density is observed in contrast to the
Ar pro le [10]. In the 20 Pa case the density even decreases over the shock front (Fig. 5.3)
whereas the drop in drift velocity should be accompanied by a density jump with a factor
of 3.7 according to the R-H relation (and as shown by the calculated pro le). At 100
Pa the density is almost constant over the shock. The theoretical H atom density pro le
nH (z ) along the jet centerline can be calculated from the measured H axial velocity pro le
wH (z ), see Fig. 5.1, using a simple model for nH (z ) derived from the conservation of the
forward H ux. Under the assumption that the particles originates from a point source
and ow along straight stream lines, the ux conservation in the supersonic domain reads
in the case of a 45Æ expansion [16]

nH wH  (z + zo )2 = oH ;

(5.1)

where zo is the position of the origin of the expansion (zo = 3 mm, see chapter 6) and oH
is the H ux in the plasma source. Throughout the stationary shock front, the diameter
of the plasma jet is constant. In the subsonic domain the gas ows at a constant pressure
and no recombination e ects at the wall are taken into account. The expansion of a pure
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Fig. 5.3: Axial density pro le of H atom at 20 Pa (open square) and at 100 Pa (solid triangle)

background pressure. The lines are drawn to guide the eye. Also shown is the model
density pro le at 20 Pa (circle) based on the axial velocity data of Fig. 5.1.

Ar plasma can be satisfactorily described by this simple model [10]. The result of the
calculation for pback = 20 Pa is also depicted in Fig. 5.3. The observed density pro le
leads to a non-conservation of the forward ux of atomic hydrogen. Such e ects can not
be explained by volume recombination of atomic hydrogen because of the too low reaction
rates [19]. Therefore the only explanation to this anomalous shock pattern is to consider
the fact that H atoms radially escape the supersonic expansion.

5.5.2 H atom ux in the shock region
From measured radial pro les of H atom density, temperature and velocity components
at z = 8, 20, 50, 80, and 100 mm, several uxes can be estimated in order to clarify the
situation. From an integration of the product nH  wH over the shock front radius, we
determined the forward ux of H atoms entering the shock front inH as well as the ux
in
19
1
out
18
1
behind the shock front out
H . We found that H = 3:3  10 s and H = 3:9  10 s
which means a one order of magnitude radial loss of H ux.
The mass focusing e ect[9] can not explain this H out ow. The key of the problem is the
following: there is a signi cant density gradient between the interior of the plasma jet and
the surroundings, caused by the quasi absence of H in the ambient gas, that drives a radial
di usion of atomic hydrogen. In contrast, when the plasma jet turns from underexpanded
into overexpanded, this gradient for Ar is opposite (non reactive species). From radial
pro les, an averaged H atom radial ux rad
H over the shock front can be estimated.
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Fig. 5.4: Radial pro le of the density (square), perpendicular temperature (circle), and radial
velocity (triangle) of H atoms at z = 8 mm for a background pressure of 20 Pa (left)
and for 100 Pa (right).
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1
We found rad
H = 3:4  10 s which is in quite good agreement with the loss of forward
ux inside the stationary shock front. In addition, an estimate of the same ux can be
obtained using Fick's di usion law. This gives 1:1  1019 s 1 which strongly encourages
the idea of radial out ow induced by a density gradient. The determination of both uxes
is not straightforward and it is explained in detail in chapter 6.

5.5.3 Con nement in the jet core
Within the supersonic domain of the jet the density decays slightly faster than predicted
by the model which means that it is not only geometrically determined [9, 16]. Moreover,
the steepness of the density decay depends on pback in contrast with the prediction by the
expansion theory. Again these e ects can be explained by H atoms radially escaping the
expansion by a di usion process.
A study of the beam cross-section at a distance z = 8 mm from the arc outlet, of which
the results are shown in Fig. 5.4, reveals that the hydrogen di usion phenomenon is strong
and that it occurs already at the beginning of the mixture expansion. The radial pro le of
both the radial velocity component and the perpendicular temperature reveal the barrel
shock structure of the expansion and they show the in uence of the background pressure
on both the dimension of the jet and on the shock wave structure. The lower absolute H
density in the 20 Pa case compared to the 100 Pa case, visible in both Fig. 5.3 and Fig. 5.4,
can only mean that in between the nozzle and the measurement position already more H
is lost from the plasma jet than in the 100 Pa case.
At low pressure the outward di usion phenomenon is strong because of the large local
mean free path for momentum exchange which creates a di use shock structure [20]. The
higher density in the wings of the 100 Pa pro le (Fig. 5.4) as well as the plateau in the axial
density pro le at 100 Pa (Fig. 5.3) can then be explained by a slower outward di usion
of H. It just takes more collisions for H to pass the barrel shock in the 100 Pa case than
in the 20 Pa case. This means that H atoms are poorly con ned within the supersonic
domain of the plasma beam, the eÆciency of the con nement depending on pback , i.e. on
the permeability of the shock structure.

5.5.4 Subsonic domain
In the subsonic domain, the H density is still decreasing. After di using out of the jet, H
atoms travel towards the vessel wall where they can recombine to form molecular hydrogen.
The large available wall area combined with the high recombination probability for H on
a steel surface causes H to almost vanish from the residual gas. This is con rmed by
the measurement of the dissociation degree at 300 mm from the arc outlet (i.e. in the
background) which equals to 0,2 % for pback = 20 Pa and to 1 % at 100 Pa. This creates
very speci c boundary conditions for the H density and results in the formation of large
radial H density gradients all over the expansion which are responsible for the di usion
process of H out of the beam.
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5.6 Conclusions
To conclude, we experimentally demonstrated that the expansion of atomic hydrogen when
seeded in Ar can not be entirely described in terms of the adiabatic supersonic expansion
theory. On the rst hand, heat transfer leads to an apparent smaller adiabatic exponent.
On the other hand, the striking absence of a H atom density jump across the shock front
arises from a strong outward di usion of H atoms. This process is driven by large radial
density gradients induced by the loss of H atoms from the background gas by wall recombination. The Ar shock structure is partially transparent to H leading to a poor con nement
of H atoms even at high pressure and therefore to a non eÆcient transport mechanism.
This leads to a less than optimal use of the chemical potential of the plasma source. The
loss of H atoms at the vessel wall should therefore be taken into account in the design of
reactors using remote plasmas as an atomic hydrogen source.
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Chapter 6
Transport of ground-state hydrogen atoms in
an Ar-H2 plasma expansion 1

Abstract
The transport of ground state atomic hydrogen in the expansion of a thermal plasma generated from an Ar-H2 mixture is studied by means of laser-based diagnostic techniques. The ow
of hydrogen atoms is investigated by two-photon excitation Laser Induced Fluorescence (LIF),
whereas Ar atoms are probed by LIF as well as by UV Rayleigh scattering. The transport of
Ar atoms can be fully understood in terms of a free jet ow; H atoms on the contrary exhibit
an anomalous behaviour. In the course of the plasma expansion, hydrogen atoms decouple from
the argon uid by a di usion process as a direct consequence of recombination of H atoms at the
vessel walls. It is shown, on the basis of experimental results, how plasma-surface interactions
can strongly in uence the ow pattern of an atomic radical uid.

1

Adapted from:
S. Mazou re, M.G.H. Boogaarts, I.S.J. Bakker, P. Vankan, R. Engeln, and D.C. Schram, Phys.
016401 (2001).
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6.1 Introduction
Understanding the transport of atomic radicals in a plasma expansion, i.e. the ow pattern
and the interactions with the surrounding gas, is of interest from several aspects. From
a fundamental point of view, a plasma expansion is a very general physical phenomenon
which covers a broad range of dimensions, ranging from astrophysical objects [1] to small
laser spots [2]. In comparison with the expansion of a neutral gas, plasma expansion is a
more complex phenomenon. For instance, di erent kinds of particles are present (neutral,
ion, electron, photon), current and electric elds can be generated, and the ow is often
not isentropic. From a technological perspective, due to their high reactivity, atomic
radicals play a major role in plasma chemistry and therefore are of relevance for industrial
applications like deposition of thin lms [3, 4, 5] and surface modi cation [6].
From a practical point of view it is advantageous to study the physics of expanding
plasmas on the intermediate scale, as then the system is well suited for diagnostics. In this
contribution, we focus on the transport of ground-state hydrogen atoms in the expansion
of a thermal plasma generated from an Ar-H2 mixture by a DC wall stabilized arc plasma
source. Such a plasma jet can serve as an example, and the results obtained may be
generalized to other kind of localized plasma expansion, like solar outbursts and laser spots.
Atomic hydrogen is of particular interest. Such a light radical plays an important role in
the eld of nuclear fusion, e.g. Tokamak plasmas [7], as well as in numerous manufacturing
techniques employing processing plasmas. Furthermore, H is one of the main components
of both stellar and interstellar matter.
In order to clearly understand the dynamics of such a plasma jet, both neutral Ar atoms
and H radicals have to be probed in such a way that the plasma ow is not disturbed. The
local argon atom density is monitored by means of UV Rayleigh scattering, whereas the Ar
velocity and temperature are measured by means of Laser Induced Fluorescence (LIF). The
detection of ground-state hydrogen atoms is more cumbersome due to the large energy gap
between the electronic ground state and the rst excited states. Hydrogen atoms are spatially probed by means of Two-Photon Absorption Laser Induced Fluorescence (TALIF).
By applying this method for di erent positions in the expansion, the H distribution in the
plasma jet in terms of density, temperature, and velocity has been completely mapped.
In a foregoing paper [8], we have shown that the transport of H radicals, contrary
to that of argon neutrals, can not be entirely described in terms of the well-established
free jet ow picture. Hydrogen atoms exhibit a very speci c behaviour. Whereas the
occurrence of a stationary shock wave can clearly be identi ed on both the temperature
pro le and the velocity pro le along the jet centerline, there is no density discontinuity
throughout the shock front. This leads to a non-conservation of the H atom forward ux.
It was stated that H radicals can escape the core of the plasma jet by a di usion process
induced by the presence of large density gradients between the jet and its periphery. The
latter arise from the recombination of H at the vessel walls which leads to the formation
of H2 molecules. The H radical anomalous shock wave pattern is analyzed on the basis
of detailed measurements, and it will be demonstrated that the hypothesis of outward
di usion controlled by density gradients can fully explain the measurements.
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6.2 Plasma jet and experimental arrangement
The cascaded arc [9] is operated at a 40 A DC current, and with a cathode-anode voltage
of 100 V. In normal condition a gas ow of 3.0 standard liters per minute (slm) Ar and
0.5 slm H2 is used. The diameter of the arc channel is 3 mm, the stagnation pressure inside
the arc is 0.6 atm, and the opening angle of the arc nozzle is 45Æ . The cascaded arc thermal
plasma expands supersonically into a vacuum vessel (length 3 m, diameter 0.36 m) where
the background pressure (pback ) can be varied almost independently from the gas ow from
10 Pa to 1 atm. Because the plasma expands from the ori ce of the arc into a region with
a nite pressure, a well de ned free jet shock wave structure [10, 11, 12] is produced due
to the interaction of the supersonic ow with the ambient gas.
In the case of an Ar-H2 mixture, a fast lowering in the electron density appears soon
after the onset of the expansion [13]. At an electron temperature of 1 eV this ionization
loss is due to the production of hydrogen atoms by the associative charge exchange reaction
Ar+ + H2 ! ArH+ + H

k = 1:2  10

15

m3 s 1 ;

(6.1)

followed by the dissociative recombination reaction [14, 15, 16]
ArH+ + e

! Ar + H

k  10

13

m3 s 1 :

(6.2)

Thus, using a 6:1 Ar-H2 mixture, at the arc outlet the plasma jet turns into almost a
gas jet composed of Ar and H atoms and of H2 molecules. Both the amounts of H and H2
depend on the dissociation degree of the source which is very likely to be close to 1 [17].
Beyond the Mach disk, the gas expands subsonically and mixes with the residual background gas. Then the evolution of the ow is determined by the circulation pattern in
the vessel, which is a direct consequence of the large residence time (res  1 s at 20 Pa).
Furthermore, as the di usion time is much shorter than the residence time (di ;H  1 ms
at 20 Pa), there is ample time for plasma-wall interactions.
In this experiment ground-state hydrogen atoms are spatially probed by using two-photon
absorption laser-induced uorescence (TALIF) [18, 19, 20]. The experimental method is
described elsewhere [20, 21], and only a short overview is presented here. A simpli ed
scheme of the setup is depicted in Fig. 6.1. A tunable 20 Hz Nd:YAG pumped dye laser
delivers radiation around 615 nm. The output of the dye laser is frequency-tripled using
non-linear optical crystals resulting in 2 mJ of tunable UV light around 205 nm with a
measured bandwidth of 0.18 cm 1 . The UV laser beam is focused either perpendicular or
parallel to the plasma expansion axis. Hydrogen atoms are excited with two 205 nm photons from the 1s2 S ground state to the 3d2 D and 3s2 S states. The excitation is monitored
by detection of the resulting uorescence yield on the Balmer- (H ) line at 656 nm using
a gated photo-multiplier tube. A narrow bandwidth interference lter is used to isolate
the H line from the plasma emission. A slit mask is used to de ne the detection volume
which dimensions are smaller than any gradient scale length. The dye laser frequency is
calibrated by the simultaneous recording of the absorption spectrum of molecular iodine.
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Fig. 6.1: Schematic view of the experimental arrangement.

The UV laser beam is used to
perform both TALIF and Rayleigh scattering measurements. It can be directed either
perpendicular or parallel to the jet axis which allows for the measurement of (T? , wr )
and (Tk , wz ) respectively.

From a spectral scan over the two-photon transition, the local H atom density, temperature, and velocity along the laser beam are measured. Note that the measurements are
performed in succession. Absolute number densities are obtained by calibrating the TALIF
setup by means of a titration reaction with NO2 in a ow tube reactor [21, 22].
The UV laser beam at 205 nm is also employed to measure the argon heavy particle
density by means of Rayleigh scattering [23, 24]. The polarized, scattered radiation at
205 nm is detected at an angle of 90Æ using a gated solar blind PMT, as shown in Fig. 6.1.
A dielectric UV mirror centered on 205 nm ( = 10 nm) is used to lter out the plasma
background light. The amount of stray light is reduced by means of a set of diaphragms and
by using windows at Brewster's angle. Although the amount of photons at 205 nm is much
smaller than the amount of photons that can be generated at for instance 532 nm with our
Nd:YAG laser, the number of scattered photons is similar. The enhanced scattering result
from a much higher argon di erential scattering cross-section at 205 nm; it is about 60
times larger than at 532 nm [25]:  = 3:6  10 30 m2 at 205 nm and  = 5:6  10 32 m2 at
532 nm. The current detection limit in an Ar-H2 plasma is around 1020 m 3 : it does not
permit to accurately measure the Ar density in the shock region at a background pressure
below 40 Pa.
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6.3 Transport of atoms along the jet centerline
6.3.1 Argon atoms
In the case of an expanding argon plasma, it has been demonstrated experimentally [26]
that the expansion of neutral atoms can be well understood in terms of an adiabatic
supersonic expansion of an ideal gas [10]. Furthermore, the entire axial density pro le
can be described by a quasi-one dimensional model based on hydrodynamic equations [26],
despite the fact that the Knudsen number Kn inside the supersonic domain is rather high.
For instance, at a 40 Pa background pressure, Kn = 0.1 ahead of the stationary shock wave.
Later, this model has been extended to study the case of an expanding argon plasma seeded
with a small amount of molecular hydrogen [13].
The development along the jet centerline of the Ar heavy particle density, measured
by means of UV Rayleigh scattering for a 6:1 Ar-H2 mixture, is shown in Fig. 6.2 for two
di erent background pressures. Our data are in agreement with foregoing measurements
obtained in the case of a pure Ar plasma [13]. It implies that the Ar ow is not disturbed
by the presence of H and H2 . From the conservation laws in stationary state, and under
the assumption that the particles originate from a point source and ow along straight
stream lines, one can obtain the theoretical expression for the density development along
the jet centerline
2
zref
:
(6.3)
(z + zo )2
In Eq. 6.3, no is the density in the source, zref is a scaling length equal to the source
nozzle radius in the case of a 45 degrees expansion, and zo is the position of the virtual
point source. This formula is similar to the one used to describe the supersonic expansion
of an inviscid gas through a sonic ori ce in the eld of gas dynamics [10, 27]. The axial
density decay starts at some position zo depending on the source nozzle geometry, e.g.
several nozzle diameters in the case of a straight ori ce. This decrease in density describes
a rarefaction e ect due to the increase in the jet cross-section.
The measured Ar density pro les in Fig. 6.2, are tted according to Eq. 6.3. As can
be seen, the experimental data are well described by the theoretical expression. Up to the
stationary shock front the density decrease is not a ected by a change in pback , meaning that
the supersonic domain of the expansion can be considered as a closed domain surrounded
by a shock wave structure [11, 26]. From the t, both length parameters can be estimated.
We nd that zref = 3:0  0:2 mm and that zo = 3:0  0:2 mm. This means that the virtual
point source, i.e. the start of the expansion, is located 3 mm inside the nozzle. This is a
direct consequence of the use of a diverging nozzle. The density jump across the normal
shock wave, which results from the conservation of the forward ux, can clearly be seen in
Fig. 6.2. From the Rankine-Hugoniot relation [28] the compression ratio is found to be 3
at 40 Pa and 4, i.e. the maximum compression ratio, at 100 Pa. In the subsonic region,
a slow increase in the Ar density is observed which is due to a cooling of the gas by heat
transfer, the static pressure being constant. The velocity of Ar atoms in an expanding

n(z ) = no
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Fig. 6.2: Axial density pro le of Ar neutrals Fig. 6.3: Axial
at 42 Pa (open circles) and 100 Pa
(solid triangles) in an Ar-H2 mixture, and at 40 Pa in pure Ar (star).

velocity component pro le
along the jet centerline for Ar, H,
and D atoms at a 20 Pa background
pressure. The decoupling between
H(D) and Ar inside the supersonic
domain is clearly visible.

Ar-H2 thermal plasma jet created by a cascaded arc, has recently been determined by
measuring the Doppler shift in a LIF experiment on metastable Ar [29]. The development
of the Ar axial velocity component along the plasma jet axis at pback = 20 Pa is shown in
Fig. 6.3 as well as a theoretical pro le in the supersonic domain (see also chapter 3).

6.3.2 Hydrogen atoms

Anomalous density pro le

Contrary to the argon case, hydrogen atom axial density pro les do not exhibit any jump
throughout the stationary shock front, as can be seen in Fig. 6.4, while the drift velocity
drops, as can be observed in Fig. 6.3. This means that the forward ux of H atoms
is not conserved in the shock region. This striking demonstration of an anomalous H
atom shock pattern has been reported in a foregoing paper [8]. It is postulated that
strong density gradients between the core of the jet and its surroundings, due to a low H
concentration in the background gas, are responsible for an outward di usion of H atoms.
The eÆcient destruction of hydrogen ground-state atoms at the wall of the vessel [30],
where they recombine to form molecular hydrogen [31, 32, 33], is responsible for the very
low H background density. In neutral gas mixture expansions migration of the light species
towards the edges of the jet has been observed within the rst millimeters of the ow [12].
In this region this so-called mass focusing e ect arises from a mass dependent kinetic
energy.
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Fig. 6.4: Axial H atom density pro le at 16 Fig. 6.5: Axial H atom T? pro le at 16 Pa
Pa (square) and 42 Pa (triangle).

(square) and 42 Pa (triangle). The
lines represent a t with = 1.45
(solid) and = 5/3 (dotted).

One can exclude under our experimental conditions that H atoms recombine in volume
during the expansion process to form molecular hydrogen, which would also lead to a nonconservation of the axial H ux. The chemical reactions that have to be considered are the
three-body reactions [34, 35]
H + H + Ar ! H2 + Ar
k = 9:8  10 42
m6 s 1 ;
(6.4)
H + H + H2 ! H2 + H2
k  2  10 42
m6 s 1 ;
H + H + H ! H2 + H
k = 4:5  10 44
m6 s 1 :
Under our experimental conditions, these reaction rates are too small to lead to any signi cant recombination of hydrogen atoms during the residence time.
Furthermore, as already mentioned in [8], the steepness of the density decay within
the supersonic domain depends on pback , which means that H atoms which come from the
source receive information about the standing ambient gas. This proves that a shock wave
structure does not form a totally closed system. As shown in Fig. 6.4, the H axial density
pro le ahead of the shock wave can be well described by a modi ed point source expansion
law of the form
z
n(z ) = no ref ;
(6.5)
(z + zo )
where the exponent is larger than two, because an outward di usion e ect is superimposed on the normal rarefaction e ect. The length parameters zref and zo are taken to be
the ones determined from the Ar measurements. The values of no and depend on pback
and are listed in Table 6.1. It can clearly be seen that gets closer to 2 as the pressure
increases, meaning that H atoms get better con ned inside the supersonic jet. In other
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Tab. 6.1: Parameters governing the H atom expansion at di

erent background pressures. The
subscript o refers to the source region. The variable is linked to the on-axis H atom
density decrease, see Eq. 6.5, and is the quasi-adiabatic exponent.
pback (Pa) 16
20
42
100
3
21
21
21
no (m ) (5:6  1:0)  10
(2:2  0:2)  10
(5:6  1:0)  10
(2:2  0:2)  1021
2:65  0:10
2:35  0:05
2:20  0:05
2:10  0:05
1:40  0:10
1:40  0:04
1:50  0:15
1:45  0:05
To (K)
9000  3000
4800  600
8100  3500
5600  800

words, it becomes more diÆcult for H to cross the barrel shock wave at high pback , since
the local mean free path decreases. This also explains why the H density in the ambient
gas depends on pback , as can be seen in Fig. 6.4.

Perpendicular temperature
The axial pro le of the atomic hydrogen perpendicular temperature T? (associated with
the velocity distribution perpendicular to a stream line) is depicted in Fig. 6.5 for two
di erent background pressures1 . The temperature pro les clearly reveal the presence of a
stationary shock front across which T? rises due to the conversion of the jet particle kinetic
energy into random thermal motion. As predicted by the theory, both the position and the
width of the shock front depend on pback [12]. In the supersonic region of the expansion
a strong cooling e ect occurs because the thermal energy gained by the particles in the
plasma source is converted into kinetic energy by means of collisions. For an adiabatic
process, the energy equation can be replaced by the Poisson adiabatic law [28]


n
no

1

=

T
;
To

(6.6)

where is the adiabatic exponent which is equal to 35 for a monoatomic gas. By plotting the
H atom temperature as a function of the density, the isentropic exponent can be evaluated.
The value of for various values of pback is listed in Table 6.1. As can be seen, for H
radicals has the almost constant value 1.4. The fact that the measured is smaller than
the theoretical for a monoatomic gas means that, contrary to a neutral gas expansion,
the supersonic expansion of a plasma is non-adiabatic [36]. As can be seen in Fig. 6.5, the
measured temperature is well above the theoretical isentropic temperature. In the case of
a plasma expansion the cooling of neutrals in the supersonic domain can be disturbed by
heat transfer from both the source and the hot background gas behind the shock front.
Re-entry of background gas into the supersonic domain through the barrel shock wave can
also disturb the ow, especially at low pressure [29]. In Fig. 6.5, a t to the measured
data is shown using the adiabatic law with measured and . The source temperature To ,
1
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that corresponds to the temperature inside the arc nozzle, is found to be close to 0.5 eV,
independent of pback as it should.

Axial velocity component
The measured axial pro les of the axial velocity components of H and D atoms are shown
in Fig. 6.3 for a background pressure of 20 Pa. Also the Ar velocity pro le is shown. The
shape of the H and D velocity pro le along the jet centerline is very similar to the Ar one.
This means that the mechanisms responsible for the H and D axial velocity development
are connected to those which determine the Ar pro le. Throughout the supersonic domain,
the H(D) velocity is higher than the Ar velocity. The decoupling between the Ar uid and
the radical uid, which is already present at the source exit, is a direct consequence of
losses of H atoms at the walls. A possible way of describing the hydrogen drift velocity
is to consider this velocity as the sum of the argon drift velocity and a di usion term2 .
The di usion velocity, which contains implicitly the H density gradients, would control
the H ow relative to the Ar ow. More theoretical and computational work is needed to
validate this idea. Nonetheless, primary work using an hydrodynamic approach to model
the Ar-H ow, seems to con rm this view. Behind the shock wave, all velocities are about
the same, meaning that all particles are well coupled. This is a consequence of the much
higher collision frequency in the subsonic domain. However, across the stationary shock
front, the velocities di er substantially, the atomic hydrogen velocity being lower than the
argon velocity. Because of collisions in the shock, we can expect the di erence in velocity
to slowly diminish. It can also be seen that the H(D) velocity starts to decrease earlier
than the Ar velocity. This e ect is not yet well understood.

6.4 In uence of the mass on the transport of radicals
6.4.1 Use of a light carrier gas
In order to study the in uence of the mass on the radical transport mechanism, the carrier
gas has been changed: argon (mAr = 40 amu) has been replaced by helium (mHe = 4 amu).
The parameters are the following: the arc current is 50 A, the cathode-anode voltage is
140 V, the He ow is 2 slm, the H2 ow is 0.5 slm and the background pressure is 20 Pa.
The source geometry is identical to the one used in the Ar-H2 mixture case. An admixture
of less than 2 % Ar gas is used to prevent a too fast degradation of the cascaded arc cathode
tips. Thus the average mass of the mixture is equal to 4.3 amu, using the fact that the
plasma source delivers mainly H2 in view of the low measured H density, see Fig. 6.6.
The results of the measurements are given in Fig. 6.6. The H density at the source
exit is much less, by nearly 2 orders of magnitude at pback = 20 Pa, than when Ar is used
2

Starting from the relation w
~H = w
~ Ar + w
~ Hdi , a calculation based on two simpli ed momentum balances
(H and Ar) coupled via a friction term and using the fact that mH  mAr shows that w
~ Hdi is the di usion
velocity as given by the Fick's di usion law multiplied by the isentropic exponent .
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Fig. 6.6: Axial pro les of the H density and H perpendicular temperature T? when He is used
as a carrier gas instead of Ar. The shock front structure is visible in the temperature
pro le. However, no discontinuity is observed in the H density pro le.

as a carrier gas [8]. The relatively low delivered amount of H arises directly from the
way H atoms are created in a He-H2 mixture [37, 38, 39]. The low H temperature at the
arc outlet is due to the high thermal conductivity of the He-H2 mixture. The sharp rise
in the temperature, which occurs behind the arc exit as depicted in Fig. 6.6, reveals the
occurrence of a stationary shock front. In comparison with the results obtained at the same
pback for an Ar-H2 mixture, two remarks can be made. First, the shock wave is located very
close to the arc exit since the shock position varies with the stagnation pressure, which
at constant ow decreases when the atomic mass decreases [12]. Second, the shock front,
whose thickness is always in the order of one local mean free path for momentum exchange,
is narrow despite a relatively small neutral-neutral momentum exchange cross section for
He. This originates from the fact that the shock wave occurs close to the nozzle exit, where
the He density is still high. According to the temperature jump, the Mach number M is
found to be equal to 2.3 in front of the shock when using the Rankine-Hugoniot relation
with a value of 1.5 for the isentropic exponent . With this value for M , the amplitude of
the density jump should be 2.8. However, no signi cant density jump is observed across
the shock wave. This again indicates an outward di usion of H atoms. Despite the small
mass ratio between He and H, H atoms leave the core of the plasma jet and recombine at
the vessel wall. This result points out the importance of the density gradients in the H
atom loss process.
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Fig. 6.7: Axial

H (square) and D (circle)
density pro le at 20 Pa with Ar as
a carrier gas.

Fig. 6.8: Axial H (square) and D (circle) T?

pro le at 20 Pa. Also shown is the
axial D Tk pro le (star) at 20 Pa.

In the subsonic domain of the ow, the temperature decays fast because of the large
thermal conductivity of the mixture, and the density remains relatively constant. Despite
the low H density at the source outlet, it is slightly higher behind the stationary shock
wave (z > 100 mm) than in the case where Ar is used as a carrier gas. This means that H
is better transported when the mass of the carrier gas is small. The gain in con nement
when the mass of the carrier gas is closer to that of the transported species is known
for multicomponent neutral beam expansions [12]. But we demonstrated that despite a
better con nement, the atomic hydrogen anomalous shock wave pattern does not vanish.
A better transport is of relevance for the downstream chemistry since the amount of ground
state radicals can be one of the limiting factors when an expanding plasma jet is used for
thin lm deposition [5] or surface modi cation. Then a good compromise has to be found
between the quantity of radicals available in front of the surface and the momentum of the
carrier gas which is also used to transport other particles like molecules of the precursor
gas.

6.4.2 Isotopic e ect
Another way to study the in uence of the mass is to replace H by one of its isotopes,
e.g. deuterium (D). The arc parameters are kept the same as in the case of H2 seeding.
To obtain absolute D density we assume that the two-photon absorption cross sections
of H and D are identical. In Fig. 6.7, the axial H and D density pro les are shown for
pback = 20 Pa, and in Fig. 6.8 the axial H and D perpendicular temperature pro les are
compared at 20 Pa. In the supersonic domain, after approximately one nozzle diameter,
D is better con ned inside the jet (higher density) because of its larger mass that results
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in a lower di usion velocity (TD  TH ) as can be seen in Fig. 6.8.
As expected, no density jump is visible in the D density pro le across the stationary
shock wave, whereas the velocity decreases by a factor 3. The apparent di erence between
the H atom and the D atom perpendicular temperature may arise from the important
radial losses of H atoms that act as a cooling mechanism (see chapter 3). Note that the
two D atom temperature component remain in equilibrium over the course of the expansion,
see Fig. 6.8, contrary to the H ones. In the subsonic domain, the higher H density is a
consequence of the lower H temperature.

6.5 Con nement of radicals inside the jet core
In order to have a better insight in the lack of con nement of atomic hydrogen inside the
core of the plasma jet generated from an Ar-H2 mixture, it is of interest to study beam
cross-sections at several axial positions. Also the permeability of the Ar barrel shock wave
needs to be discussed. In Figs. 6.9, 6.10, and 6.11, radial pro les of the H atom density,
perpendicular temperature, and radial velocity component are given for pback = 16 Pa at
z = 2, 8, 20, 50, 80, and 100 mm behind the arc outlet.

6.5.1 Radial pro les of the H density
From the radial density pro les, we observe that the density of atomic hydrogen decreases
fast as we move away from the source exit. This is a direct consequence of the rarefaction
e ect due to the increase of the beam diameter. However, this e ect is enlarged by the
outward di usion phenomenon. Contrary to argon, the H jet is never overexpanded i.e.
the H atom density inside the jet is never lower than outside the jet. Across the stationary
shock front, from z = 50 mm to 100 mm, the radial H density pro le is at because the
di usion process levels out the density pro le.
The shape of the density pro le in the core of the plasma beam can be theoretically
described. Such a shape corresponds to a situation in which the jet is underexpanded. We
propose the following function

n(r; z ) = n(z ) cosa (');
with the angle ' given by

(6.7)

r 
;
(6.8)
z + zo
where r is the radial distance and zo is the position of the virtual point source. In the eld
of gas dynamics, some more complex functions have been proposed based on experimental
data [10, 40]. The results of ts using Eq. 6.7 are depicted in Fig. 6.9 at z = 2 and 8 mm.
As can be seen in the graph, the function reasonably represents the experimental data
inside the jet. However, to obtain such an agreement, the exponent a in Eq. 6.7 has to
be modi ed when changing the axial position z : a = 2.4 at z = 2 mm and a = 5.5 at
z = 8 mm. In the classic supersonic expansion picture, the value of this exponent only
100
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Fig. 6.9: Radial pro les of the density (top), perpendicular temperature T? (middle), and radial
velocity wr (bottom) of H atoms for a background pressure of 16 Pa at z = 2 mm
(left) and z = 8 mm (right). The H density pro le in the core of the jet is modeled
using Eq. 6.7 (solid line) with a = 2.4 and 5.5 at z = 2 mm and 8 mm respectively.

depends on the source conditions and geometry and on , but it is a constant in the course
of the expansion. Once more the increase in a is connected to an outward loss of H radicals
in particular in the outward regions of the jet.

6.5.2 Temperature and radial velocity
The radial pro les of the H atom perpendicular temperature T? clearly show evidence of
the quasi-adiabatic cooling e ect. They also reveal the structure of the barrel shock wave.
It can be seen in Fig. 6.9 that at z = 2 mm in the core of the jet T? is not constant. The
temperature is higher on axis than on the sides. This is purely a geometrical e ect: the H
atoms detected on the sides have travelled more in comparison with those on the jet axis.
Then, since the former have undergone more collisions they converted a larger part of their
thermal energy into kinetic energy which leads to a lower temperature. At z = 8 mm, this
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Fig. 6.10: Radial pro les of the density (top), perpendicular temperature T? (middle), and
radial velocity wr (bottom) of H atoms for a background pressure of 16 Pa at z =
20 mm (left) and z = 50 mm (right).

geometrical e ect is almost not noticeable anymore. The rise in T? when going o -axis
is due to collisions with Ar atoms in the barrel shock wave [12]. This temperature jump
de nes the boundary of the plasma jet. Then, behind the barrel shock wave, T? decreases
towards the vessel walls because of heat transfer to the background gas. As can be seen
in Fig. 6.9, the background gas temperature is rather low, around 500 K. In the subsonic
domain, the temperature of owing H atoms is homogeneous over the jet radius, as can
be seen in Fig 6.11, and relatively high. This shows that the heat gained in the source is
transported mainly forward with some radial losses due to thermal conduction.
The radial pro les of the H atom radial velocity component also reveal the Ar shock
wave structure. Because of the expansion process, the radial velocity rst increases when
moving away from the jet axis. Then when H atoms collide with Ar atoms in the barrel shock wave, the velocity decreases since it is converted into thermal energy, and the
temperature increases accordingly. As expected, the position of the Ar barrel shock as
deduced from the H radial velocity pro le does coincide with the position deduced from
the corresponding T? pro le.
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Fig. 6.11: Radial pro les of the density (top), perpendicular temperature T? (middle), and
radial velocity wr (bottom) of H atoms for a background pressure of 16 Pa at z =
80 mm (left) and z = 100 mm (right).

As can be seen in Figs. 6.9 and 6.10, the maximum value of the H radial velocity wrmax
decreases as z increases. This is not predicted in the classical expansion picture. Assuming
that the total velocity does not vary with the radial position, the magnitude of the radial
velocity component as a function of the radial position for a given axial position can be
written in the classical picture as follows

wr = wz;0 sin(');

(6.9)

where wz;0 is the axial speed at r = 0 and ' is the expansion angle given by Eq. 6.8. In
the case of a free jet, the maximum radial velocity is always reached at roughly the same
angle ' for a given pback , independent of z. Since up to the stationary shock wave the
axial velocity increases slightly, as can be seen in Fig. 6.3, wrmax should then also increase
a bit. However, it decreases by approximately a factor 3 between z = 2 and 20 mm. By
using the measured argon axial drift velocity, shown in Fig. 6.3, it is possible to estimate
with Eq. 6.9 the maximum value of the H radial velocity component in case of a perfect
coupling between H radicals and Ar atoms. The velocity is calculated at the boundary of
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Fig. 6.12: Pro les of the axial and radial component of the H velocity as well as the radial
component of the Ar velocity as a function of the angle with the jet axis, recorded
at z=8 mm behind the arc nozzle.

the plasma jet of which the location is taken from the T? pro le. The maximum speed
is found to be equal to 1000, 900, and 900 m s 1 at z = 2, 8, and 20 mm, respectively.
At any z, the highest H radial velocity is always larger than the calculated value, which
points out the importance of the radial escape of H radicals. This radial escape process
is certainly most important at the beginning of the plasma expansion where the atomic
hydrogen radial velocity component is highest. The discrepancy between the expected H
radial velocity and the measured one not only con rms the idea of a decoupling between
H and Ar atoms, but it also suggests that the H velocity is connected to the H density
gradients which are the largest at the beginning of the expansion and which decrease with
increasing z.

6.5.3 Permeable Ar barrel shock wave
The picture of a strong decoupling between H and Ar is substantiated by comparing the
radial pro le of the axial and radial velocity of the H atoms and the radial velocity components of the Ar atoms [29]. This is done in Fig. 6.12 for a position of 8 mm behind the
arc outlet and at pback = 20 Pa. The data points are plotted as a function of the angle '
with the expansion axis given by Eq. 6.8.
This gure con rms the picture of an outward di usion of H. Moreover, it can be fully
understood by considering that the H density gradient is the driving mechanism of the
di usion process. First, the graph clearly shows the decoupling between H and Ar atoms.
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On the expansion axis, both radial velocity components are zero. As r increases, i.e.
further from the axis, the gap between the two velocities also increases, the maximum H
radial speed being approximately 3 times higher than the maximum Ar speed. Second,
H atoms penetrate and even cross the Ar barrel shock. The decay in Ar radial velocity,
due to friction with the standing gas, indicates the position of the barrel shock. It follows
from the picture that at z = 8 mm, the expansion angle is about 30Æ. But the H atom
radial velocity only starts to decrease beyond the beginning of the Ar barrel shock wave.
Moreover, when the Ar velocity is zero, the H velocity is still high, indicating that H atoms
are still moving radially into the background gas, where Ar atoms are motionless. Finally,
the H velocity becomes zero because of increasing friction with the neutral background
gas. Then the directed motion is replaced by a random thermal motion. Third, even if H
atoms penetrate the Ar barrel shock wave with still a signi cant axial velocity component,
H mainly escapes the plasma jet radially. Indeed, the axial velocity component becomes
zero whereas the radial component is still high. This is a direct consequence of the steep
radial density gradients between the core of the plasma beam and its vicinity.
Another e ect which has to be mentioned is the fact that beyond the plasma jet boundary the H atom radial velocity component is zero (see Figs 5.4 and 6.9 for clearness) whereas
hydrodynamic calculations predict a negative velocity [42]. This proves that H atoms do
not recirculate inside the vacuum chamber, i.e. H atoms are not trapped into recirculation
vortices that surround the jet. In other words, H atoms di use out of the jet directly to
the vessel walls where they stick or recombine.

6.6 Atomic hydrogen di usion ux
To con rm the fact that hydrogen atoms escape the core of the plasma jet by a di usion
process we estimate, at a background pressure of 16 Pa, the losses of H radicals over the
normal shock wave, i.e. from z = 20 mm to z = 100 mm, and compare them with a
calculated di usion ux3 .
The loss of atomic radicals in the shock region can be estimated by determining the
di erence between the forward ux of H atoms entering the shock front, inH , and the ux
behind the shock, out
H .

3

Since H atom do not recombine in volume, the total H atom ux has to be conserved at any z
position throughout the plasma ow. The experimental veri cation of the ux conservation would however
necessitate a extremely large dataset. Nevertheless, using our somewhat restricted dataset, the H ux
conservation has been veri ed along the plasma jet axis. In cylindrical coordinates, and with cylindrical
@ (nrw ) + @ (nw ) = 0. On the jet axis, i.e. at r = 0, and for
symmetry, the ux conservation reads r1 @r
r
z
@z
@ (nw ). The right hand side and the left hand
every value of z, previous equation becomes 2n wrr = @z
z
side ux values are found to be in reasonable agreement meaning that the H atom ux evaluated on the
jet centerline is conserved at a given z position. Moreover we observe that both ux components decrease
in magnitude in the course of the plasma expansion as a consequence of losses of H radicals on the jet axis.
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At a given z, the forward ux (in s 1 ) is given by

forward

=

ZZ

S

nwdS =

R

Z

0

nz (r)wz (r)2rdr;

(6.10)

where R represents the position of the boundary of the jet which is taken to be the radial
position at which the H atom radial velocity is maximum. In order to calculate the forward
ux, the radial pro le of the H axial velocity component is needed. We will assume that
the pro le is identical to the one measured at z = 8 mm, which, in the core of the jet, can
be well approximated by
wz (r) = wz (0) cos2 (');
(6.11)
in
19
where the expansion angle ' is given by Eq. 6.8. We nd that H = 3:3  10 s 1 and
18
1
out
H = 3:9  10 s , which means one order of magnitude loss of H ux.
Now this loss of H radicals has to be compared with the H radial ux across the shock
front. At a speci c axial position z, the di erential radial ux of H atoms at the jet
boundary R is given by
@ rad
 = 2Rn(z; R)wr (z; R):
(6.12)
@z H
With our data set, only an averaged H atom radial ux rad
H can be calculated over the
shock front. The latter is obtained by multiplying the averaged di erential ux4 by the
19
1
shock thickness L, which is equal to 80 mm at 16 Pa. We nd that rad
H = 3:4  10 s ,
which is in good agreement with the decrease in forward ux. Thus we nd that the total
H atom ux is conserved throughout the shock front.
Finally, the radial ux can be compared with a di usion ux. An estimate of the
thermal ux can be obtained by using Fick's di usion law. The radial di usion ux of H
atoms through the stationary shock wave is given by
vth @nH
1 H Ar @nH
vth
S=
S;
(6.13)
th
H = 3
@r
nAr Ar H @r
where Ar H is the momentum transfer cross section [41], vth is the H atom thermal speed,
and S = 2RL is the surface around the stationary shock wave. The H atom density
gradient between the jet and the vessel wall can be estimated in rst order from
@nH nH (R) nH (wall)
nH (R)
=

;
(6.14)
@r
R rvessel
R rvessel
where rvessel = 180 mm is the radius of the vacuum chamber. From Rayleigh scattering
measurements [13, 26], the average Ar density at the jet boundary is found to be equal
to 6  1020 m 3. The H di usion ux is then equal to 1:1  1019 s 1 . This value is lower
than those calculated previously. The di erence may arise from a too simple model for
the di usion coeÆcient of H atoms into an Ar-H2 mixture. Moreover, the estimate of the
H atom density gradient between the jet boundary and the vessel wall is also certainly
too rough. A complete solution of the di usion equation would therefore be necessary to
con rm the picture of radial out ow induced by a density gradient.
4

The di erential ux is calculated at z = 20, 50, 80 and 100 mm and the mean value is used in the
estimation of the di usion ux. The corresponding value of R are: 15, 20, 20 and 20 mm.
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6.7 Conclusions
Before giving the concluding remarks, it is worthwhile to provide the reader with a list of
the most striking e ects that support the idea of an outward di usion of H atoms driven
by plasma-wall interactions in the course of the expansion process
. pressure dependent H density decrease in the supersonic domain,
. no H density jump within the stationary shock wave,
. extremely low H concentration in the background gas,
. mass dependent decoupling between w~ H and w~ Ar ,
. H atom ow through the Ar barrel shock wave,
. zero H radial velocity component beyond the jet boundary.
In the expansion of a plasma generated from an Ar-H2 mixture, hydrogen atoms are decoupled from argon atoms. As a consequence a peculiar situation is created where the
plasma ow is composed of two uids with their own macroscopic features. The Ar ow
pattern can be entirely described using the well-established inert gas supersonic expansion
theory. On the contrary the H ow pattern exhibits a signi cant departure from the classical expansion theory. The anomalous H atom ow characteristic is a direct consequence
of the interaction between the plasma and the vessel walls where H atoms recombine to
form molecular hydrogen.
The decoupling e ect, of which the strength depends on the background pressure and
on the reduced mass, is a general physical phenomenon which applies to most of atomic
radicals as soon as the plasma expansion is surrounded by surfaces where the radicals can
recombine with a high probability. In that case the surfaces, e.g. a reactor wall or dust
particles, act as a sink for the radical. This in turn creates density gradients which are the
driving force for this e ect.
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Appendix 6A
Dissociation degree
The dissociation degree of the plasma source which characterized the strength of the
source, i.e. the capability to generate radicals, is de ned as
=

H
2oH2

where H is the ground state atomic hydrogen ux and oH2 is the gas ow of molecular
hydrogen at the arc inlet. In our experimental conditions we have: oH2 = 0.5 slm =
2:2  1020 s 1 . The knowledge of in the source would necessitate the measurement of
the H atom ux inside the arc channel, which is a diÆcult task. However, we will see that
the knowledge of in the core of the plasma jet can deliver information about inside
the source.
If there is no radial ux and no volume recombination, which is the case in the expansion
of a neutral gas, then can be estimated inside the plasma jet when knowing the forward
ux. At a given z, the forward ux (in s 1 ) is given by

forward

=

ZZ

S

nwdS =

R

Z

0

nz (r)wz (r)2rdr;

where R represents the position of the boundary of the jet, i.e. the beginning of the barrel
shock wave. In this case, is conserved throughout the supersonic domain (in the absence
of mass-focusing e ects). Therefore by measuring in this part of the jet, one obtains its
value at the source exit.
Since the radial dependence of the H axial velocity has been measured at z = 8 mm,
see Fig. 6.12, it is possible to determine at this location by using the density pro le of
Fig. 6.9. The boundary position, which is needed to calculate the forward ux, is taken
from the Ar radial velocity pro le shown in Fig. 6.12. We nd that at 8 mm behind the arc
outlet forward
= 8  1019 s 1 and thus = 18 %. It is likely that the dissociation degree
H
inside the channel of the plasma source is close to unity when using such an Ar-H2 mixture.
Therefore, the low value of measured at 8 mm behind the arc exit is an indication of the
importance of the losses of H atoms in the arc nozzle as well as in the rst few millimeters
of the expansion.
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Appendix 6B
In uence of the nozzle geometry

Fig. 6.13: Axial H density pro le (left) and perpendicular temperature pro le (right) measured
at 20 Pa for 3 di erent arc nozzle opening angles: 0 degrees (circle), 12 degrees (star),
and 45 degrees (square).

The cascaded arc is often used as a H atom source for surface treatment or modi cation. In that case the amount of H atom transported towards the downstream region of
the ow is of relevance. In this appendix the in uence of the cascaded arc nozzle geometry,
i.e. the opening angle, on the H atom density is investigated. The arc is operated in standard conditions: 40 A, 100 V, 3 slm Ar, and 0.5 slm H2 . Three di erent opening angles are
compared: 0 degrees (straight), 12 degrees, and 45 degrees (without pre-expansion zone).
At the arc exit, the di erence in density between the 3 nozzles arises from a geometrical
e ect, i.e. a di erence in the jet diameter. The smaller the angle, the smaller the diameter
over the rst few millimeters; since the forward ux is approximately constant, the density
increases. At large angle (45Æ ), the plasma expands already inside the nozzle and therefore
cools down already inside the nozzle that explains the lower temperature at the outlet. In
view of the aforementioned applications, the di erence in density has to be compared in
the subsonic domain (in this zone the temperature is independent of the geometry). The
H atom density appears to be higher when using a large opening angle. The con nement
inside the jet is not enhanced; the higher H density results from lower H losses in the
source nozzle. Indeed a large opening angle do not favor (nozzle)wall-recombination: the
gas temperature is lower and the available area is less since the plasma starts to ow ahead
of the source exit.
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Chapter 7
H atom uid properties in a hydrogen plasma
expansion 1

Abstract
The ow properties of the ground state hydrogen atom uid in the course of the expansion of
a weakly ionized hydrogen plasma created by a cascaded arc are studied by means of Two-photon
Absorption Laser Induced Fluorescence (TALIF). The transport of H2 molecules is investigated
using Rayleigh scattering. In view of the low ionization degree (< 1 % as measured by Thomson
scattering), the hydrogen plasma resembles a hot neutral gas. Furthermore the low dissociation
degree measured at the source exit implies that H atoms ow in a H2 environment. It is shown
that the H atom expansion pattern is in disagreement with the neutral gas supersonic expansion
theory. Indeed the transport of H atoms in the plasma jet is strongly in uenced by surfacerecombination processes. Because of the large density gradients between the core of the jet and
its surroundings induced by the recombination of H atoms at the reactor walls, hydrogen atoms
di use out of the plasma jet during the expansion process. When the surface loss probability is
high, e.g. combination of a large wall-recombination probability with a long residence time, the
losses of radicals by di usion, and the subsequent decoupling between the inert gas uid and the
reactive gas uid, can not be avoided even when the mass of the carrier gas is close to the mass
of the radical.
1

Adapted from:
S. Mazou re, P. Vankan, R. Engeln, and D.C. Schram, Phys.

Plasmas

8, 3824 (2001).
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7.1 Introduction
The study of hydrogen plasma expansions is in the rst place of particular interest since
it concerns many di erent systems that cover a broad range of dimensions. Hydrogen
being the most abundant form of matter in the universe, an object like solar outburst
and a phenomenon like solar wind represent examples of astrophysical scale expanding
hydrogen plasma [1]. At intermediate scale, hydrogen expansions are found in systems like
the divertor region of a Tokamak plasma [2] and the remote plasma jets used for surface
modi cations.
In the second place, hydrogen plasma expansions contain light and highly reactive hydrogen atoms which play a key role in many chemical reactions encountered in plasma
processes. To clearly demonstrate the importance of H atom chemistry, two examples will
be given that are associated with energy and environmental problems humanity has to face
in the next century. Hydrogen atoms are involved in the plasma-aided fast deposition of
thin lms of hydrogenated amorphous silicon (a-Si:H) needed for the next solar cell generation [3]. Atomic hydrogen radicals control the growth process (SiH4 + H ! SiH3 + H2 ,
SiH3 being the main growth precursor) and thus the nal lm properties. In the eld of
controlled nuclear fusion, atomic hydrogen plays a speci c role. First, one wants to use
H atom sources for neutral beam heating of fusion devices (mainly via the production of
negative hydrogen ions H [4]). Second, the interaction of neutral H atoms with the reactor
surfaces and the resulting reaction products, i.e. H2 molecules, have drastic consequences
on the stability of the plasma and therefore on device performances [5, 6]. Numerous works
are nowadays devoted to this so-called hydrogen recycling process and they all require the
development of plasma sources capable of generating a high H atom ux.
All aforementioned processes are to a large extend governed by the transport mechanisms of H atoms in an expanding hydrogen plasma. In view of the applicability it
is therefore of importance to study the H atom ow pattern as well as the in uence of
plasma-wall interactions on the transport properties. Moreover, the study of a plasma
expansion at a speci c scale may serve as an example, and the results obtained can be
generalized to other kinds of localized plasma expansions with larger and smaller scales.
On a more fundamental point of view, this study serves as a test case to nd new evidences
in order to con rm the fact that a radical expansion can di er strongly from a neutral gas
expansion. The anomalous transport of radicals in a supersonic plasma jet induced by
wall-recombination phenomena, i.e. the existence of a weak coupling between the inert gas
uid and the reactive gas uid, has been reported recently in the case of an Ar-H2 and
He-H2 mixture [7, 8]. In a hydrogen expansion, the mass of the carrier gas is close to that
of the radical, and the resulting enhancement of con nement especially is of interest.
In the experiments reported here, ground-state hydrogen atoms are spatially probed
using a two-photon excitation laser induced uorescence technique in an expanding weakly
ionized hydrogen plasma produced by a cascaded arc. The determination of the atomic
hydrogen density, temperature, and velocity pro les enable to investigate in detail the
transport mechanisms of H atoms in the supersonic plasma jet. The molecular hydrogen
density pro les are measured by means of UV Rayleigh scattering that allows for discussions
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about the coupling between the H uid and the H2 uid over the expansion process.

7.2 Hydrogen plasma jet and optical system
Plasma source and plasma jet

The hydrogen plasma is created by a cascaded arc [9]. The arc channel is composed of 4
insulated plates and has a diameter of 4 mm. The operating standard conditions are: a 55
A DC current, a cathode-anode voltage of 150 V and a H2 gas ow of 3.5 standard liters per
minute (slm). The stagnation pressure inside the arc is 0.14 bar. The thermal hydrogen
plasma expands from a straight nozzle with a diameter of 4 mm into a roots-blower pumped
vacuum vessel where the background pressure (pback ) can be varied, almost independently
from the gas ow, from 10 Pa to 1 atm. The cascaded arc plasma source is mounted on a
translation arm. Spatial scans through the expanding plasma can be performed by moving
the arc relative to the intersection of laser beam and detection volume.
Since in this contribution we focus on the transport of H atoms, it is of interest to
brie y present the ways H atoms can be produced in the plasma source where the electron
temperature Te is around 1 eV. Ground-state atomic hydrogen can be generated by direct
dissociation of H2 molecule by electron impact
e + H 2 ! H + H + e:
(7.1)
Yet the rate coeÆcient is relatively low at 1 eV [10, 11, 12]. A more favorable process at
low temperature is the dissociative recombination of molecular ions
e + H+2 ! H + H
and
e + H+3 ! H + H + H:
(7.2)
Both reactions are fast at low Te [12]. Note that H+2 can easily form H+3 when reacting
with H2 and this again leads to the formation of H atom
H+2 + H2 ! H+3 + H:
(7.3)
Another mechanism of interest for H atom production is the charge transfer between a
proton and a rovibrationally excited hydrogen molecule [13, 14]
H2 v;J + H+ ! H+2 + H:
(7.4)
The excited molecules are necessary to make the reaction exothermic. The energy de cit
is around 2 eV, thus the charge exchange process is strongly favored for H2 (v 4). Note
that the dissociation by impact with a proton of the H2 molecule to form two H atoms
is also possible at high v number [13]. The foregoing reactions have been proposed to
explain the anomalous ion recombination, i.e. the fast ionization loss, in the expansion of
an hydrogen plasma created by a cascaded arc [14]. Indeed without any in uence of the
arc parameters the plasma emerging from a cascaded arc with a straight nozzle is dark,
which means that it contains mainly neutral particles, i.e. H atoms and H2 molecules in
our case. As measured by Thomson scattering, the ionization degree at the arc exit is less
than 1 % [15].
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Laser-aided diagnostics
H atom detection: TALIF

In the experiment reported in this contribution, ground-state hydrogen atoms are spatially
probed by using a two-photon absorption laser-induced uorescence (TALIF) technique
[16, 17]. Only a short overview of the experimental method is presented here. A tunable
20 Hz Nd:YAG pumped dye laser delivers radiation around 615 nm. The output of the
dye laser is frequency-tripled using non-linear optical crystals resulting in 2 mJ of tunable
UV light around 205 nm with a measured bandwidth of 0.18 cm 1 . The UV laser beam is
focused into the vacuum chamber either perpendicular or parallel to the plasma expansion
axis. Hydrogen atoms are excited with two 205 nm photons from the 1s2 S ground state
to the 3d2 D and 3s2 S states. The excitation is monitored by detection of the resulting
uorescence yield on the Balmer- line at 656 nm using a gated photo-multiplier tube. A
narrow bandwidth interference lter is used to isolate the H line from the plasma emission.
A slitmask is used to de ne the detection volume of which the dimensions are smaller
than any gradient scale length. The dye laser frequency is calibrated by the simultaneous
recording of the absorption spectrum of molecular iodine. From a spectral scan over the
two-photon transition, the local H atom density, temperature (perpendicular and parallel
to a stream line), and velocity (radial and axial component) are determined.
Absolute number densities are obtained from the ratio of the H LIF signal in the plasma
to the LIF signal of a well de ned amount of krypton [18, 19]. Krypton atom has a twophoton excitation scheme very similar to that of hydrogen atom. Furthermore, the ratio of
the two-photon absorption cross section of Kr to H has been recently accurately measured
(see chapter 4).

H2 molecule detection: Rayleigh scattering

The heavy particle density is measured by means of Rayleigh scattering using the UV laser
beam. The polarized, scattered radiation at 205 nm is detected at an angle of 90Æ using
a gated solar blind PMT. A dielectric UV mirror centered on 205 nm is used to lter out
the plasma background light. The amount of stray light is reduced by a set of diaphragms
and by using windows at Brewster's angle. The current detection limit in a H2 plasma
is 1021 m 3 . The H and H2 Rayleigh cross-sections are almost identical [20]. The local
H2 density is therefore determined by subtracting from the measured density the contribution of the H density measured by TALIF under the same conditions. A possible way
to directly obtain the molecular species concentration by Rayleigh scattering is to use the
depolarization e ect [21].

7.3 H2 density behavior along the jet axis
Because the hydrogen plasma created in the cascaded arc expands from a high pressure region into a low pressure region, a well de ned free jet shock wave structure is produced [22].
Indeed, the H2 density pro le measured at pback = 100 Pa along the jet axis, see Fig. 7.1,
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Fig. 7.1: Axial H2 density pro le measured at 100 Pa by Rayleigh scattering (full square). The

solid line is the result of a t using Eq. 7.5 with = 2 and zo = 1 mm. The rst point
(open circle) is obtained under two assumptions: the injected H2 ux is conserved and
H2 molecules ow at the local speed of sound.

is characteristic for such a structure1 . In the supersonic domain, the pronounced density
decrease results from the rarefaction e ect. Within the stationary shock wave, the H2
density increases as a consequence of the forward ux conservation. In the shock region,
two compression stages are visible (from 8 to 13 mm and from 20 to approximately 50 mm)
which arise from the step by step adaptation of the jet static pressure to the background
gas static pressure [24]. In between the H2 uid re-expands, and the density drops. A compression ratio, which gives indication about the strength of the shock, of 3, respectively
1.7, is found for the rst, respectively the second, compression stage. Those numbers
simply show that the pressure di erence is higher before the rst compression step. A
Mach number in front of the shock wave M = 3 is deduced from the Rankine-Hugoniot
relation [24] using the magnitude of the density jump over the entire shock wave. Behind
the shock wave, the plasma ows at constant static pressure. Since the temperature drops
because of heat transfer to the vessel walls, the H2 density increases accordingly as can
be seen in Fig. 7.1. Using the measured H atom temperature, the static pressure in the
subsonic domain is around 100 Pa. The H2 axial density behavior, especially in the shock
region, is well predicted by a calculation using a hydrodynamic code based on the NavierStokes equation [25]. The H2 density pro le is also in good agreement with the H atom
1

In previous works, the H2 density has been measured by CARS [23]; however the laser beam con guration did not allow to accurately resolve the plasma jet structure in the rst millimeters.
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temperature and velocity pro le measured at 100 Pa as we will see.
In the supersonic domain, a theoretical expression for the density behavior is obtained
from the ux conservation law in stationary state, and under the assumption that the
particles originate from a point source and ow along straight stream lines (see chapter 2).
The general expression for the particle density as a function of the distance to the source
exit n(z ) reads
z
n(z ) = no ref :
(7.5)
(z + zo )
In Eq. 7.5, no is the density at the origin of the expansion, zref is a scaling length and zo is
the position of the virtual point source, i.e. the expansion origin. The exponent de nes
the steepness of the density decrease. In the case of a supersonic expansion of an inviscid
gas through a sonic ori ce, it is shown that the exponent is equal to 2, which corresponds
to the classical rarefaction e ect [22, 26]. The same value of 2 also applies in the case of
the transport of neutral atoms in a plasma expansion [27]. From a t of the supersonic H2
density pro le using Eq. 7.5 we nd that = 2:0  0:1 and zo = +(1:0  0:5) mm. The
exponent correspond as expected to the case of an expansion of an inert gas; according
to the value of zo , the expansion starts close to the arc exit, as expected with a straight
nozzle. According to the supersonic expansion theory, those two parameters are pressure
independent. Setting zref to the nozzle radius (2 mm), one obtains no = (5  2)  1022 m 3
which is in good agreement with the value of 4  1022 m 3 obtained at z = 1 mm under
the assumptions that the injected H2 ux is conserved and that H2 molecules ow at the
local speed of sound.

7.4 Axial H atom density and temperature pro les
7.4.1 Loss of H atoms by di usion
As mentioned in the introduction, the ow pattern of H atoms is expected to be governed
by wall-recombination processes. As a consequence, it should signi cantly deviate from the
classical expansion behavior, i.e. from the free jet ow picture. The measured ground-state
H atom density pro le along the plasma jet centerline is shown in Fig. 7.2 for two di erent
background pressures. The H atom density pro le is indeed in disagreement with the H2
molecule density pro le shown in Fig. 7.1. At pback = 20 Pa, there is no evidence of any
density jump throughout the stationary shock wave. At pback = 100 Pa, a density jump
with an amplitude of 1.4 is visible but this is in disagreement with the magnitude of the H2
density jump. Moreover, only the rst compression stage is apparent: the H density solely
drops behind z = 10 mm. The two H density pro les reveal a non-conservation of the
H atom forward ux throughout the stationary shock wave in contradiction with the well
established Rankine-Hugoniot relations. Behind the shock wave, the H density decreases
as shown in Fig. 7.2, and since also the temperature decreases, hydrogen atoms do not ow
at constant static pressure which is a sign for losses of H atoms.
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Fig. 7.2: Ground-state H atom density pro le along the jet centerline at pback = 20 Pa (open

square) and pback = 100 Pa (solid triangle) in standard conditions. Also shown is the
ground-state D atom axial density pro le at 20 Pa background pressure (star) in the
case of a H2 -D2 mixture (3.1 slm H2 and 0.4 slm D2 ). The solid line represents a t
using equation 7.5 with = 2.4 and zo = 4 mm.

From a t of the H density pro le ahead of the shock wave using Eq. 7.5, see Fig. 7.2,
we nd that zo = +(4  1) mm and = 2:4  0:2 at pback = 20 Pa. First, the expansion of
H atoms starts already inside the plasma source nozzle, contrary to that of H2 molecules.
Second, the H density drop is faster than the expected one, meaning that a loss mechanism
is superimposed onto the rarefaction e ect. Note that in previous works devoted to the
study of the transport of H atoms in an Ar-H2 plasma, is also found to be larger than 2
as well as pressure dependent, and it approaches 2 at high background pressure [8]. Both
e ects support the idea of a decoupling between the H atom uid and the H2 molecule
uid which starts already in the source nozzle. Moreover, xing zref to the nozzle radius,
that allows for comparison with the H2 pro les, we nd that no = (2:5  1:5)  1021 m 3.
Even if ground-state hydrogen atoms can recombine in volume due to the following
three-body reactions
H + H + H2 ! H2 + H2

and

H + H + H ! H2 + H;

(7.6)

the reaction rates [28] however are too low to lead to any signi cant loss of H atoms under
our experimental conditions. Therefore the observed anomalous transport of H atoms
arises from the fact that H escapes the plasma jet in the course of the expansion. As
shown in previous papers [7, 8], the loss of H atoms is a direct consequence of the existence
of large density gradients between the core of the plasma jet and its surroundings. The
low H atom concentration in the background gas, which is responsible for a H radical
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outward di usion, results from the very eÆcient destruction of H atoms at the reactor
walls when a high wall-recombination probability ( ) is combined with a long residence
time ( ). The wall-recombination probability on stainless steel for H atoms is known to be
large: ss = 0.1 - 0.2 [34, 35] at temperatures close to room temperature. The coeÆcient
depends on the surface temperature [30], on the state of the surface (roughness, presence
of impurities, coverage by H) and on the energy of the incident H atom. That indicates
how diÆcult it is to have an accurate estimate of . However, the residence time inside
our vacuum vessel is relatively long:   0.8 s at 20 Pa and   4 s at 100 Pa. That
makes high losses of H radicals at the vessel walls, and thus a low H atom density in the
background, very probable.

7.4.2 Perpendicular temperature development
The H atom perpendicular temperature (T?) pro le along the jet centerline is plotted in
Fig. 7.3 for two di erent background pressures. Due to conversion of thermal energy into
kinetic energy, i.e. directed motion, the H temperature drops quickly in the supersonic
domain. The temperature pro les clearly reveal the occurrence of a stationary shock wave
across which the temperature rises because of collisions with the background gas particles.
As can be seen in Fig. 7.3 both the position and the thickness of the shock wave depend
on pback . In the subsonic part of the expansion, the temperature decreases due to heat
transfer to the vessel walls. Behind the shock region, the measured H atom temperature is
in good agreement with the rotational temperature of H2 molecules measured by means of
CARS [23]. The numerous collisions in the subsonic domain enable to maintain thermal
equilibrium between H and H2 .
Using the Poisson adiabatic law, the temperature at the origin of the H atom expansion
To as well as the isentropic exponent can be determined from a plot of the H temperature
as a function of the H density in the supersonic domain. It is found that = 1.55  0.05
at pback = 20 Pa and  1.7 at pback = 100 Pa. At 20 Pa background pressure the plasma
expansion is found to be non adiabatic since is smaller than its adiabatic value 35 , as
shown in Fig. 7.3. The fact that the supersonic expansion is not an adiabatic process may
be explained by heat transfer from both the plasma source and the hot gas located behind
the shock region. Another possibility is the entry in the jet of hot H2 molecules, coming
from the surrounding gas, in the last part of the supersonic domain where the mean free
path for momentum exchange is large. The fact that the measured does not contain any
molecular e ects, especially at high pressure, whereas the jet is mainly composed of H2
( mixture  1.3) is again an indication in favor of a decoupling between H atoms and H2
molecules during the expansion process. The temperature To is equal to 2500  500 K. This
temperature correspond to the H temperature inside the arc nozzle, since zo = +4 mm
with this geometry. Therefore, the temperature inside the nozzle is di erent from the
temperature inside the arc channel, which is about 1.2 eV [31]. In fact the plasma starts to
cool down already in the arc nozzle and this drop in temperature may have a non negligible
in uence on plasma processes like ion-recombination for instance.
In the shock region, the H atom temperature pro le measured at 100 Pa images the
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Fig. 7.3: Ground-state H atom perpendicular temperature (T?) pro le along the jet centerline

at pback = 20 Pa (open square) and pback = 100 Pa (solid triangle). Also shown is the
atomic deuterium axial T? pro le at 20 Pa background pressure (star) for a H2 -D2
mixture (3.1 slm H2 and 0.4 slm D2 ). The theoretical H temperature pro le in the
supersonic domain is shown at 20 Pa using the Poisson adiabatic law with = 1.55
(solid line) and = 53 (dashed line).

H2 density pro le. For instance the second compression stage is noticeable: rst the gas
re-expands and then cools down (from z = 13 to z  20 mm); secondly the expanding gas
collide again with the background gas and the temperature rises or remains constant if the
process is not too strong (from z  20 to z  50 mm). Note that a qualitative agreement
between the H2 density pro le and the H atom temperature pro le does not necessarily
imply that TH = TH2 during the expansion.

7.4.3 Injection of molecular deuterium in the arc
In order to study the in uence of the mass on the transport of radicals and particularly
on the con nement of radicals inside the jet, deuterium is added to the hydrogen ow and
the created D atoms are monitored in the H2 -D2 expanding plasma. The ow mixture is
composed of 3.1 slm H2 and 0.4 slm D2 . The cascaded arc parameters stay unchanged.
The deuterium atom perpendicular temperature pro le along the jet axis, measured at
pback = 20 Pa, is shown in Fig. 7.3, together with the H atom T? pro le. Both pro les
indicate the same shock wave location and width. In the supersonic domain as well as in
the subsonic domain, H and D temperature pro les overlap reasonably. Throughout the
stationary shock wave, the D atom T? is slightly lower than the H atom T? by approxi121

Chapter 7. H atom uid properties in a hydrogen plasma expansion

mately 20 %. This departure from thermal equilibrium in the shock region is not yet well
understood. It may be caused by a di erence in energy exchange in a D-H2 collision as
compared to an H-H2 collision, H2 molecules being the main collision partner.
The deuterium atom density pro le for an H2 -D2 plasma at a pressure of 20 Pa is
compared to the hydrogen atom density pro le for a pure H2 plasma in Fig. 7.2. At the
plasma source outlet, the ratio of the H density to the D density is approximately equal
to the injected gas ow ratio. This supports the idea of a high dissociation degree and
an eÆcient mixing inside the arc channel where the plasma is created. In the supersonic
domain, we obtain = 2.0  0.1 and zsource = +(4  1) mm when using Eq. 7.5 to describe
the density drop. The value of the exponent is equal to the value characteristic for a
neutral gas supersonic expansion. Deuterium atoms are well coupled to H2 molecules, as
expected in view of the equal mass of the two particles, and thus they are relatively well
con ned inside the plasma jet, as indicated by the value of . Nevertheless when the jet
is underexpanded, losses of D atoms can occur in the barrel shock, i.e at the sides of the
jet, where the mean free path is large and the radial velocity high. Across the stationary
shock wave, the forward D atom ux is not conserved. In the shock region D atoms can
escape the plasma jet because of the large mean free path. In the subsonic region, even if
the con nement of D is better than that of H, D atoms are lost. The mass of the particle
plays a role in the transport mechanism, since the loss of radicals arises from a di usion
process. It is shown however that when the mass of the carrier gas is close to that of the
radicals the con nement inside the jet is improved but the losses by di usion can not be
avoided if the wall-recombination probability is high.

7.5 Recombination in the arc nozzle
From the measured H atom density and axial velocity it is possible to estimate the plasma
source dissociation degree . This parameter characterizes the source strength, i.e. the
capability of producing H radicals. The dissociation degree can be expressed as follows
=

H
nH
;
=
o
2H2 nH + 2nH2

(7.7)

where H is the ground-state atomic hydrogen ux and oH2 the gas ow of molecular
hydrogen at the arc inlet. Under our experimental conditions, oH2 = 1:56  1021 s 1 . At
the origin zo of the H atom expansion, i.e. inside the arc nozzle,  0.1, if the plasma is
assumed to ow with the local speed of sound cs;o. Just behind the source exit (z = 1 mm),
using the H and H2 density pro les, one nds  0.02. In our conditions, the low value
of does not arise from volume recombination of H atoms in view of the low three-body
reaction rates [28]. For comparison, the dissociation degree in the background is found
to be less than 1%. The low value of in the downstream part of the ow is a direct
consequence of the loss of H by di usion during the expansion process. However, such a
low dissociation degree in the source is not expected at an electron temperature of around
1 eV.
122

Chapter 7. H atom uid properties in a hydrogen plasma expansion

To a large extend, the low dissociation degree at the arc exit can be connected with
the low electron density observed in the case of an expansion of a hydrogen plasma [14].
As already mentioned, the emerging plasma is dark. It thus appears that the expanding
plasma jet is mainly composed of H2 molecules. The low local value of as well as the
ionization loss need further clari cation. A possible way to explain this experimental fact
is to consider the production of vibrationally excited hydrogen molecules (in the electronic
ground-state) on a surface. Neutral hydrogen atoms can indeed recombine on a surface to
form excited H2 molecules
Hgas + Had ! H2 v;J
(7.8)
gas :
This chemical reaction has been extensively studied both experimentally and theoretically
(see for instance [32, 33] and [34]). Because the probability for recombinative desorption
of H atoms on a Cu surface is close to unity [34, 35], H atoms can easily be lost via the
previous reaction in the arc nozzle, which is made of Cu. Accordingly, a large amount of
+
Hv;J
2 molecules can be generated. Atomic hydrogen ions H , the most abundant ion, can
easily exchange their charge with vibrationally excited H2 molecule leading to H+2 ions (see
section 7.2). The dissociative recombination of H+2 molecular ions is the main source of
visible light at low electron density (production of H radiation if H+2 (v > 5) or Te  1 eV).
Inside the arc nozzle, recombination processes are favored. In the standard cascaded
arc con guration, the nozzle acts as the anode. The arc root however attaches at the nozzle
inlet (nozzle length = 17 mm) and thus no energy is supplied in the largest part of the
nozzle. Therefore surface-recombination of H atoms and the subsequent Hv;J
2 formation
can explain the low value of both the dissociation degree and the ionization degree at the
arc exit: H atoms are lost at the nozzle wall and the created H+2 ions recombine before
they escape the source.
CARS measurements performed on a pure hydrogen plasma [23] reveal a low density
of excited H2 molecules in the jet. At z = 20 mm, the density of H2 (v =0) is equal to
1:4  1021 m 3 , the density of H2 (v =2) is approximately equal to 1018 m 3 and the density
of H2 (v =4) is less than 1017 m 3 . This may denote that all Hv;J
2 molecules produced in the
arc nozzle by wall-recombination of H atom are quickly lost either via the formation of H+2
ions (that explains the absence of visible light) or via the formation of negative hydrogen
ions H by dissociative attachment of low energy ( 1 eV) electrons [36]
Hv;J
2 +e!H+H :

(7.9)

There are indications for the production of H ions in a cascaded arc, e.g. the existence
of blue radiation around 300 nm at the plasma jet periphery at high pressure [37] that
may originate from the recombination of H [38]. The CARS measurements unfortunately
could not be performed at the arc exit because of the crossed laser beam geometry and
thus information concerning the energy distribution of H2 molecules leaving the arc is still
lacking. As it appears, the process of surface-recombination in the arc nozzle is complex,
but it certainly needs further investigation since it plays a decisive role when the plasma
jet is to be used as an eÆcient H ion or H radical source.
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7.6 Axial velocity component and sound speed
Another important parameter to be determined in order to characterize the atomic radical
transport mechanism is the ow velocity. The measured H atom axial velocity component
pro le along the jet centerline is shown in Fig. 7.4 and Fig. 7.5 at 20 Pa and 100 Pa
background pressure respectively. Throughout the stationary shock wave, the distribution
function is found to be non-Maxwellian. The departure from thermodynamic equilibrium
in the shock region of an expanding plasma is studied in chapter 8. In this section we
only consider the mean axial velocity in the shock region, i.e. the velocity calculated from
the rst moment of the distribution function. To clearly discern the three di erent ow
regimes (supersonic, shock, subsonic), the ow velocity has to be compared with the local
speed of sound in order to obtain the Mach number M . The speed of sound is given by
s

kB T
;
(7.10)
m
where is the adiabatic exponent and kB the Boltzmann constant, and m the mass. The
on-axis development of the speed of sound is plotted in Fig. 7.4 and Fig. 7.5 for two
di erent background pressures using the measured H atom parallel temperature (Tk ), the
temperature associated with the velocity distribution parallel to a stream line, and using
as mass number m = 2 amu and = 1.3 since H2 is the major component of the jet. The
sound speed at the expansion origin zo inside the arc nozzle can be calculated using To :
with = 1.3, cs;o  4000 m s 1 . At the plasma source exit the Mach number is already
high, M = 2. A theoretical expression describing the evolution of the axial velocity along
a stream line in the supersonic domain can be obtained from the Bernoulli equation and
the Poisson adiabatic law [37]. If we consider that the plasma starts to expand with cs;o ,
one nds for the velocity
cs =

w(z ) =

p

cs;o

s

1

zref 
+1 2
z + zo


(

1)

:

(7.11)

Since the previous expression contains it accounts automatically for the outward di usion
e ect when > 2. In Fig. 7.4 the measured H atom axial velocity pro le in the supersonic
domain at 20 Pa is compared with a calculation using Eq. 7.11. The agreement is satisfactory with = 1.55. This again supports the idea of a H atom uid partly decoupled from
the H2 molecule uid in the course of the plasma expansion [8]. At this point however, we
su er from a lack of information about the transport properties of H2 molecules. It is now
clear that the problem concerning the coupling between H and H2 in the jet can only be
untangled by measuring the H2 velocity and temperature pro le along the jet axis.
As can be seen from Eq. 7.11 the maximum ow velocity depends on To and accordingly
on the source temperature. In our conditions, wmax = 8600 m s 1 for H atoms. However,
before the hydrogen atoms can reach the maximum velocity they start colliding with the
residual background gas meaning that the expansion never enters the so-called frozen
regime [22]. The existence of a stationary shock wave is clearly revealed in Fig. 7.4 and
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Fig. 7.4: Development of the atomic hydrogen axial velocity component wz along the jet axis

at pback = 20 Pa (open square) and speed of sound cs calculated from the measured
parallel temperature (Tk ) with m = 2 amu and = 1.3 (circle). M = 4.2 ahead of the
stationary shock wave. The lines represent the outcome of a model describing the H
axial velocity in the supersonic domain, see Eq. 7.11, with = 1.55 (solid) and with
= 1.3 (dashed).

Fig. 7.5. In the two gures, the e ect of the background pressure on both the shock wave
position and the shock wave thickness is visible. The Mach disk location zM is found to
be equal to 50 mm at 20 Pa and approximately 40 mm at 100 Pa. At pback = 20 Pa, the
measured shock thickness is equal to 40 mm. It can be compared with the H-H2 collision
mean free path ahead of the shock region since H atoms mainly collide with H2 molecules.
The mean free path is given by
1
;
(7.12)
mfp
H H2 = n 
H2 H H2
where nH2 is the molecular hydrogen density and H H2 the momentum exchange crosssection. The H2 density has been measured by CARS [23]: nH2 = 4  1020 m 3 at 20 Pa.
The value for the cross-section can be found in literature [39]; at 500 K H H2  210 19 m2.
At 20 Pa a mean free path for momentum exchange ahead of the shock wave of 12 mm is
found. Thus the shock wave thickness is in the order of few mfp
H H2 . At this pressure the
mean free path becomes in the order of the jet dimension (10 mm radius at z = 10 mm
if a 45Æ expansion is assumed). Therefore at this point the ow can not be satisfactorily
described using the hydrodynamic theory and one must turn to the more complex gas
kinetic theory.
The Mach number ahead of the stationary shock wave can be deduced from our mea125
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Fig. 7.5: Development of the atomic hydrogen axial velocity component wz along the jet axis

at pback = 100 Pa (solid triangle) and speed of sound cs calculated from the measured
parallel temperature (Tk ) with m = 2 amu (circle). M = 3.3 in front of the shock
wave.

surements: M = 4.2 at 20 Pa and M = 3.3 at 100 Pa. Using the Rankine-Hugoniot
relations both the theoretical density and temperature jump across the shock wave can be
calculated using these Mach numbers. With an adiabatic exponent of 1.55, the expected
density jump is equal to 3.6 at 20 Pa and 3.2 at 100 Pa in complete disagreement with
the measured values of 1.3 and 0.5 respectively (see Fig. 7.2). The observed discrepancy
is a direct consequence of the losses of H atoms by di usion combined with a weakening
of the shock structure. The calculated temperature jump is equal to 5.9 at 20 Pa and
3.4 at 100 Pa, whereas the measured jump is equal to 3.3 and 2.7 at 20 Pa and 100 Pa
respectively. A too small temperature jump across the shock wave con rms the idea of
the invasion of the shock region by the surrounding background gas. The resulting energy transfer modi es the temperature. Behind the stationary shock wave, the velocity
decreases because of momentum transfer to the background gas particles.

7.7 Plasma jet vicinity
In order to evaluate the di erence in the H atom concentration and temperature between
the core of the jet and the surrounding background gas, it is of interest to study jet crosssections. The radial pro le of the H atom density as well as the corresponding temperature
pro le have been measured at pback = 20 Pa at an axial position z of 30 mm from the arc
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Fig. 7.6: Radial pro le of the H atom density (left) and perpendicular temperature (right) at

20 Pa background pressure measured at 30 mm behind the arc outlet. The H density
outside the jet is relatively low due to wall-recombination processes. For comparison,
the H2 density around the plasma jet is approximately 3  1021 m 3 at 20 Pa. The H2
rotational temperature in the background is found to be 600 K [23], in good agreement
with the H temperature at large r position.

outlet, i.e. in the shock region.
The density pro le is shown in Fig. 7.6. In the core of the jet the H density is high,
nH = 6  1019 m 3 whereas it is relatively low in the jet vicinity, nH  1019 m 3. Therefore,
in the shock wave zone the H radical expansion is not overexpanded, contrary to that of
non-reacting neutrals. As mentioned previously, the low H density in the background is
a consequence of the recombination of H atoms at the walls of the vacuum chamber. For
comparison, the background molecular hydrogen density at 20 Pa is about 3  1021 m 3
as measured by CARS [23]. The existence of strong density gradients at the jet boundary
supports the idea of an outward di usion process.
The radial pro le of the H atom perpendicular temperature is also shown in Fig. 7.6.
The temperature is on the average relatively high in the core of the jet, approximately
1100 K, however it is slightly lower around the jet axis. Indeed at r  0, a dip is visible in
the temperature pro le in Fig. 7.6. The temperature is higher at the jet boundary because
of collisions with the background gas. The temperature gradually decreases in the vicinity
of the plasma jet to about 500 K due to heat transfer to the vessel wall. The measured H
atom background gas temperature is in good agreement with the H2 rotational temperature
measured outside the jet by CARS [23].

7.8 Conclusions
The study of the transport of ground-state hydrogen atoms in the expansion of a thermal
hydrogen plasma reveals that surfaces can have a great in uence on the chemistry and
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on the dynamics of a system containing reactive particles. The low dissociation degree as
well as the quasi-absence of charged particles at the plasma source exit, can be explained
by the recombination of H atoms on the arc nozzle wall and the subsequent formation
of vibrationally excited hydrogen molecules. As expected the transport of H atoms is
also strongly in uenced by surface-recombination processes. The eÆcient loss of H atoms
at the vessel walls creates large density gradients between the jet and the surroundings
which in turn force H to di use out of the plasma jet. It is shown that when the surface
loss probability is high, e.g. combination of a large wall-recombination probability with a
long residence time, the losses of radicals by di usion can not be avoided even when the
mass of the carrier gas is close to the mass of the radical. A full understanding of the
decoupling between the H uid and the H2 uid, that results from the outward di usion
of H atoms, during the expansion would however necessitate to also investigate the H2
molecules transport properties. In other words, the \coupling problem" will not be solved
without the measurement of the H2 velocity and temperature pro les under the same
experimental conditions.
This work stresses the importance of plasma-wall interactions in the manufacture of
a plasma source with speci c requirements but also in the design of reactors devoted to
plasma-assisted chemistry. Nowadays the transport of radicals in a plasma expansion
starts to be better understood, and technological solutions can be proposed in order to
enhance the con nement inside the plasma jet (e.g. by using a vessel wall material with
a low surface-recombination probability). Nevertheless further investigations have to be
performed on plasma-wall interactions and the related generation of molecules. To better
understand the dynamics of the process and to investigate the possibility of using a surface
as a catalyst to favor the production of a desired molecule for instance. This may open in
the near future a new eld in plasma-aided chemistry.
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Chapter 8
Behavior of the H atom velocity distribution
function within the shock wave of a hydrogen
plasma jet 1

Abstract
The evolution of the ground-state hydrogen atom velocity distribution function throughout
the stationary shock wave of a supersonic hydrogen plasma jet (3 < Mach number < 4) is studied
using laser induced uorescence spectroscopy. A clear departure from thermodynamic equilibrium
is observed. The H atom velocity distribution function can be decomposed into two Maxwellian
distributions. The fast component of the distribution corresponds to the conditions upstream
of the shock region. The slow component corresponds to the conditions in the shock region,
i.e. within the shock front the mean velocity and the temperature of this atom group vary.T
Across the shock wave, the H atom population is gradually tranferred from the fast to the slow
component by means of collisions. The development of the mean axial velocity is modeled using
the Mott-Smith approach. Deviation from the theoretical shock pro le is interpreted in terms of
the non-conservation of both the H atom forward ux and momentum across the shock wave.
1

Adapted from:
S. Mazou re, P. Vankan, R. Engeln, and D.C. Schram, accepted for publication in Phys.

Rev. E

(2001).
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8.1 Introduction
The study of physical systems under non-equilibrium conditions has been the subject of
numerous researches for a long period of time. An example of a system characterized by
a departure from thermodynamic equilibrium is the interior of a shock wave [1]. Across a
shock wave, a owing medium exhibits a rapid change in its macroscopic properties, i.e.
density, velocity, and temperature, over a short distance (merely a few mean free paths).
Shock waves are nowadays relatively easy to produce and to control using several kinds of
experimental facilities like wind tunnels, shock tubes, and free jets. Moreover laboratory
shock waves o er the possibility to cover a vast ensemble of physical conditions: a broad
range of Mach numbers (M ) is accessible, the ow regime can be varied from continuum
to rare ed, the shock wave can be created in an atomic gas, a molecular gas or a plasma,
to only name a few.
As recently pointed out by Ramos et al [2], scientists are confronted with a paradox.
Although the general properties of a shock wave are at present well established, there still
exist numerous issues concerning the evolution of the distribution function within such a
disturbed region. This peculiar situation is a direct consequence of the relative lack of
detailed experimental studies in comparison with the large amount of theoretical works
(see for instance [3, 4, 5] and references herein).
Most of experimental investigations of a gas(plasma) shock wave are devoted to the
measurement of the development of macroscopic parameters. Several diagnostic techniques have been employed: electron-beam absorption [6] and electron beam induced uorescence [7], Rayleigh scattering [8], laser-Doppler technique [9] and Thomson scattering
in the case of charged particles [10]. Despite the fact that those studies furnish a large
amount of data which can be compared with the prediction of di erent theories, i.e. hydrodynamic approach (Navier-Stokes equation) or kinetic theory (Boltzmann equation), they
only provide indirect information concerning the distribution function. Up until now only
a few works have been directly devoted to the study of the distribution function across
a shock wave. In the work of Ramos et al [2] the rotational state distribution function
of N2 molecules is studied in a nitrogen free jet by means of Raman scattering, and in
the work of Pham-Van-Diep et al [11] the velocity distribution function in a helium jet is
measured by means of electron beam induced uorescence (see also Ref. [12] for measurements in an argon jet). Those works con rm the main conclusions of Mott-Smith [13] and
Glansdor [14] about a bimodal distribution function in a shock region, even though the
discovery of a third component, related with the invasion of the jet, is reported.
In the present contribution, the behavior of the velocity distribution function (VDF) of
ground-state hydrogen atom is directly studied within the stationary shock wave of a weakly
ionized expanding hydrogen plasma (3 < M < 4, depending on the background pressure)
by means of two-photon absorption laser induced uorescence (TALIF) spectroscopy. From
the VDF, the local H atom density, mean velocity and temperature are also deduced. The
large Doppler broadening of H atoms, combined with the relatively high temperature of the
plasma medium, allows to obtain accurate data on the VDF. In this plasma environment,
we are confronted with a very particular situation: neither the H atom forward ux nor
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the H atom momentum is conserved within the shock wave [15]. Recombination of H
atoms at the vessel walls induces large density gradients between the core of the plasma
jet and its surrounding, which in turn force H to di use out of the jet [16]. This e ect
is very pronounced in the shock region where the mean free path is large. Because of
recombination processes in the arc nozzle, the expanding plasma is mainly composed of
H2 molecules to which H atoms transfer most of their momentum. As a consequence the
Rankine-Hugoniot relations are not valid for the H atom uid, not even at high background
pressure.

8.2 Experimental determination of the H atom VDF
Ground-state hydrogen atoms are spatially probed by using a two-photon absorption laserinduced uorescence (TALIF) technique [17, 18, 19]. Only a short overview is presented
here (see chapter 4 for more information). A tunable 20 Hz Nd:YAG pumped dye laser
delivers radiation around 615 nm. The output of the dye laser is frequency-tripled resulting
in 2 mJ of tunable UV light around 205 nm. The UV laser beam is focused parallel to the
plasma expansion axis. Hydrogen atoms are excited with two 205 nm photons from the 1s2 S
ground state to the 3d2 D and 3s2 S states. The excitation is monitored by detection of the
resulting uorescence yield on the Balmer- line at 656 nm using a gated photo-multiplier
tube. An interference lter is used to isolate the H line from the plasma emission. A
slitmask is used to de ne the detection volume which dimensions are much smaller than
any gradient length. The dye-laser frequency is accurately calibrated by the simultaneous
recording of the absorption spectrum of molecular iodine. A spectral scan over the twophoton transition provides a direct access to the local H atom velocity distribution function
(VDF), which allows for discussion on the state of equilibrium of the plasma ow. From
the measured line pro le the H density and mean velocity are obtained. In the case of
a Maxwellian distribution a H atom temperature can also be de ned. The in uence of
the laser line pro le (FWHM  0:18 cm 1 ) on the shape of measured spectral pro le is
neglected. This is legitimate in view of the low mass of H atoms and the relative high
plasma temperature.
The experimental determination of the velocity distribution function of a particle group
is based on the Doppler e ect. The broadening of a spectral line results from the Doppler
shift of the optical transition induced by the spread in velocity within a group of particles.
A particle moving with velocity vz towards a probing light source absorbs a photon at a
frequency  given by1

v 
 = o 1 z ;
(8.1)
c
where o is the absorption frequency of the particle at rest, c is the speed of light in vacuum.
1

In view of the low particle velocity in comparison with the speed of light, relativistic e q
ects are not
taken into account. For information, the longitudinal Doppler e ect in relativity reads  = o cc+vv when
the source and the observer move towards one another [20]. A transverse Doppler e ect, that is purely a
relativistic e ect, is also predicted by the theory [20].
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If the Doppler e ect is the main broadening mechanism, the measured absorption pro le
is essentially the distribution of the velocity component vz . Indeed one can not directly
probe the three-dimensional velocity distribution Fv , i.e. the density in velocity space,
only the one-dimensional distribution fv (vz ) of the velocity component in the direction
z of propagation of the laser beam is measured. The 1D and 3D velocity distribution
functions are related by
Z Z
fv (vz ) =
Fv dvx dvy ;
(8.2)
which corresponds to a projection in velocity space2 . The energy distribution function
fE (E ) follows from a transformation of velocity into translational energy via E = 21 mv 2 .
The hydrogen plasma is created by a cascaded arc [21]. The arc channel is composed
of 4 insulated plates and has a diameter of 4 mm. The operating standard conditions are:
a 55 A DC current, a cathode-anode voltage of 150 V and a H2 gas ow of 3.5 standard
liters per minute. The stagnation pressure inside the arc is 0.14 bar. The thermal hydrogen
plasma expands from a straight nozzle with a diameter of 4 mm into a low background
pressure (pback ) chamber. At the arc outlet the plasma turns into almost a hot gas, most
electrons being consumed in the nozzle (ionization degree < 1%). Furthermore the generation of H2 molecules by surface-recombination of H atoms is favored inside the arc nozzle
which leads to a relatively low dissociation degree at the source exit. Thus H atoms ow
in an environment mostly composed of H2 molecules [15].
The ow pattern of H atoms in supersonic plasma jets generated from H2 and from an
Ar-H2 mixture has been recently investigated by studying the H atom density, temperature
and velocity development during the expansion process [15, 16, 22]. Here, we focus on the
study of the plasma shock region with two main objectives: to examine the evolution of
the H atom VDF in this region and to understand the related shock wave characteristics.

8.3 Non-Gaussian VDF within the stationary shock
wave
The behavior of the ground-state H atom VDF is examined throughout the normal shock
wave of the expanding hydrogen plasma. The system being in stationary state, the VDF
only depends on spatial coordinates. The VDF is measured along the jet centerline, namely
the velocity distribution is observed parallel to a stream line. Therefore only the axial
component of the H atom velocity is determined. The departure from thermodynamic
equilibrium is directly re ected in the shape of the velocity distribution function, which
markedly deviates from the Gaussian form, i.e. the equilibrium form, within the shock
wave, as we will see.

2
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Fig. 8.1: Ground-state hydrogen atom velocity distribution function (VDF) measured at 20 Pa

background pressure within the stationary shock wave of an expanding hydrogen
plasma. In the shock region (10 to 50 mm), where departure from thermodynamic
equilibrium is observed, the VDF consists of the sum of two Gaussian terms corresponding to the conditions upstream and downstream of the zone of silence.
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Fig. 8.2: Ground-state hydrogen atom velocity distribution function (VDF) measured at 100 Pa

background pressure within the stationary shock wave of an expanding hydrogen
plasma. In the shock region (6 to 30 mm), where departure from thermodynamic
equilibrium is observed, the VDF consists of the sum of two Gaussian terms corresponding to the conditions upstream and downstream of the zone of silence. It can
be seen that all H atoms are thermalized (Gaussian VDF) in front of the shock wave.
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Eight H atom velocity distribution functions recorded at di erent locations in the shock
wave region are shown in Fig. 8.1 for a background pressure of 20 Pa. The local VDF is
obtained from the measured spectral pro le using the Doppler shift relation (see Eq. 8.1)
to switch from frequency space to velocity space. At pback = 20 Pa, the normal shock wave
stretches from z = 10 mm to z = 50 mm. The Mach number prior to the shock equals 4.
The end of the shock is de ned as the position where M = 1.
Ahead of and behind the shock wave, the VDF is Gaussian. The corresponding energy
distribution function is therefore Maxwellian, meaning that the H atom ow is in thermodynamic equilibrium. Throughout the stationary shock wave, there is a clear departure
from thermodynamic equilibrium, since the VDF becomes non-Gaussian, as can be seen
in Fig. 8.1. However, the H atom VDF can be decomposed into two Gaussian VDF, i.e.
into two equilibrium components, corresponding to the conditions upstream of the zone of
silence and in the shock wave. This so-called bimodal approximation of the distribution
function is not arbitrary, but it arises directly from the de nition of a shock wave which is
a transition zone where a supersonic ow has to adapt to the ambient subsonic conditions.
It was rst proposed about half a century ago by Mott-Smith [13] and Glansdor [14] in
order to be able to solve the Boltzmann transport equation in a gas shock wave. The rst
component corresponds to the supersonically owing particles that have not yet experienced any collisions with particles from the shock region: we name it the fast component.
The second component reassembles particles which have experienced at least one collision
and thus have become partly thermalized: we name it the slow component.
The bimodal approximation for the H atom VDF across the shock wave is found to
be also valid at a background pressure of 100 Pa, as shown in Fig. 8.2. At this pressure
the normal shock wave stretches from z = 6 mm to z = 30 mm, and M = 3 prior to
the shock. Across the shock wave of the expanding plasma, the H atom population is
gradually transferred from one group (the fast component of the VDF) to the other group
(the slow component of the VDF) by means of collisions with the background particles,
i.e. H2 molecules under our experimental conditions. This transfer of population, and the
subsequent emergence of a bimodal VDF, is clearly visible in Fig. 8.1 and Fig. 8.2. In
Fig. 8.3 we plotted the contents of the two Gaussian components as well as the total H
atom density across the shock wave for a background pressure of 20 Pa. The emergence
of the slow component and the disappearance of the fast component can easily be seen.
Note that, due to plasma-wall interactions, the total H atom density does not increase
across the shock wave [15, 16, 22]. At the end of the shock wave, all H atoms have changed
from an initial supersonic Gaussian VDF to a nal subsonic Gaussian VDF and the system
returns to equilibrium. Note that all H atoms are thermalized (Gaussian VDF) in front
of the shock, i.e. they all have at least undergone one collision before the ow becomes
subsonic. The fast component of the VDF contains only particles with a positive axial velocity whereas the slow component contains both particles with a positive and a negative
axial velocity, and the dispersion in velocity (given by the width of the Gaussian VDF) is
larger. This corresponds to an increase in disorder, i.e. an increase in the entropy of the
H atom uid throughout the shock wave.
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Fig. 8.3: On-axis pro le of the total H atom density, i.e. the contents of the VDF, across the

stationary shock wave at 20 Pa background pressure (open triangle). The population
of the fast component (solid square) decreases to nally vanish whereas the population
of the slow component (solid circle) increases. At the end of the shock wave, only
remain subsonically owing H atoms.

The H atom VDF within the shock region is well described by a bimodal approximation, as can be seen from the t in Fig. 8.1 and Fig. 8.2. No evidence for the existence of
a third component, the so-called scattered fraction, is experimentally found, contrary to
what is reported in previous studies [2, 11, 12]. In References [11] and [12], one-dimensional
VDF measured in He and Ar shock waves are compared with predictions from Monte Carlo
Direct Simulation (MCDS) method based on realistic interatomic potential. An excellent
agreement is found between experimental data and data calculated using MCDS. In particular, the MCDS method is able to predict the existence of a third group of particles.
In other words, in those gas shock wave the Mott-Smith approach fails to represent the
distribution function (Mott-Smith and MCDS predictions are compared in Ref. [11]).
In our case, the validity of a bimodal model may arise from the fact that, contrary to
the Mott-Smith approach, the slow VDF does not correspond to the conditions dowstream
of the zone of silence but it corresponds to the conditions in the shock wave. In other
words, as we will see in the next section, the mean velocity and the temperature of the
slow Gaussian component vary through the shock region, and therfore this component
accounts for mixing e ects [11, 12].
The scattered component may also originate from gas particles which penetrate the
shock region from the jet boundary and from the Mach disk. This invasion can lead to the
appearance of a third fraction since the initial VDF of these particles (as measured along
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a stream line) is neither the fast one nor the slow one. Under our experimental conditions,
due to wall-association processes H atom are almost absent in the background gas. As a
consequence, the shock wave is invaded mainly by H2 molecules, and no H atom scattered
distribution is formed. The appearance of a third fraction in the VDF would in that case
merely be visible in the H2 molecule VDF. Note that this e ect should be more pronounced
at low background pressure where the invasion of the shock region by the background gas
is favored [23, 24].

8.4 Velocity and temperature pro les along the jet
axis
From the measured H atom velocity distribution function, a mean axial velocity as well
as a parallel temperature, which represents the spread in velocity along a stream line, can
be calculated for each Gaussian component. The velocity is determined from the Doppler
shift of the peak. The temperature is determined from the Doppler broadening of the
peak, which is the dominant broadening mechanism in our case, taking into account the
bandwidth of the laser pro le which is assumed to be Gaussian.
Throughout the stationary shock wave the average H atom axial velocity is obtained
from the rst moment of the VDF. In this region the H atom parallel temperature can
not be strictly de ned since the owing medium is not in thermodynamic equilibrium. We
de ne an average local parallel temperature T^k by weighting the temperatures of the two
Gaussian components with their corresponding densities
n T +n T
T^k = fast k fast slow k slow :
(8.3)
nfast + nslow
The subscripts fast and slow refer to the two components of the distribution function.
T^k can be seen as the temperature which would be given by a hypothetical thermometer
plunged into the shock region (ignoring the perpendicular temperature). The H atom
velocity pro le along the plasma jet centerline is shown in Fig. 8.4 for pback = 20 Pa and
for pback = 100 Pa. On both graphs, the measured velocity is compared with the local
speed of sound calculated from the measured H atom parallel temperature (T^k across the
shock wave) and using m = 2 amu and = 1.3 since the jet is mainly composed of H2
molecules. The corresponding on-axis development of the H atom parallel temperature is
shown in Fig. 8.5 for pback = 20 Pa and for pback = 100 Pa. The general shape of both
the velocity and the temperature pro le in the course of the plasma expansion has already
been explained in preceding articles [15, 16]. In this contribution we only focus on the
shock region.
As already mentioned, the fast component of the H atom VDF, i.e. the component
which corresponds to the conditions upstream of the zone of silence, represents the fraction
of hydrogen atoms that have not yet collided with the particles of the shock wave region,
namely H2 molecules. This component thus exhibits the ow properties of a supersonic
beam [25]. The mean H atom axial velocity of the fast component remains high. At
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Fig. 8.4: Pro le of the H atom axial velocity (open triangle) along the jet centerline measured
at 20 Pa (left) and 100 Pa (right). Throughout the shock wave the average H atom
velocity is calculated from the rst moment of the distribution function. The mean
velocity of both the fast (solid square) and the slow (solid circle) component of the
VDF are shown in the shock region. Also shown is the axial pro le of the speed of
sound (diamond) determined from the measured H atom parallel temperature with
m = 2 and = 1.3.

20 Pa background pressure the velocity is frozen at about 7500 m s 1 , whereas at 100 Pa
the velocity still increases across the shock wave meaning that H atom can still convert
part of the thermal energy they gained in the plasma source into kinetic energy. The
corresponding parallel temperature decreases down to 300-200 K, meaning that the spread
in velocity decreases. The fast component of the VDF is thus often referred to as the cold
component.
The slow component of VDF, i.e. the component which corresponds to the conditions
in the shock wave, contains H atoms that have experienced at least one collision with
the particles located in the stationary shock wave. The mean axial velocity of the slow
component is low at the beginning of the shock region, around 2000 m s 1 . It increases
across the shock wave due to collisions slow H atoms undergo with remaining supersonically
owing particles. The rise of the mean velocity of the VDF slow component is faster at
the beginning of the shock region, as can be seen in Fig. 8.4. It arises from the fact
that collisions of slow H atoms with fast H2 molecules (the main collision partner) become
quickly scarce because the population of the fast H2 VDF component drops also fast across
the shock wave to nally disappear. The temperature of the slow component is relatively
high. It increases because kinetic energy is converted into thermal motion in a collision
involving a fast H atom. In other words, directed motion is transformed into random
motion within a shock wave. The slow component of the VDF is also often called the
warm component.
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Fig. 8.5: Axial pro le of the H atom parallel temperature (open triangle) at 20 Pa (left) and
at 100 Pa (right). Throughout the shock wave an average temperature is determined
from the temperature of the two Gaussian components of the distribution function
(see Eq. 8.3). The temperature of both the fast (solid square) and the slow (solid
circle) component of the VDF are also shown in the shock region.

8.5 Theoretical velocity pro le in the shock region:
Mott-Smith approach
The H atom average velocity measured throughout the stationary shock wave along the
plasma jet centerline can be compared with a theoretical model based on a bimodal approximation of the velocity distribution function. Under the assumption that the VDF is
the sum of a cold and a warm component, the density pro le as well as the corresponding
velocity pro le of the owing uid can be calculated as shown by Mott-Smith [13] and
Glansdor [14]. The centerline velocity is given by

w(~z ) =

w2 (1 + e4~z=L )
;
(w2 =w1 ) + e4~z=L

(8.4)

where ~z = z z0 , z0 being the center of the shock wave (point of in ection), w1 and w2
are the velocity ahead of and behind the shock respectively, and L is the shock thickness
de ned as
dz
L = (w1 w2 )
;
(8.5)
dw max
according to the Prandtl formalism [26]. We found that L= 16.8 mm and 9.7 mm at 20 Pa
and 100 Pa respectively. At 100 Pa, LHydro = 2 mm (see Eq. 2.28), LMS = 5 mm [13],
and LTwo Fluids  6 mm [14]. In both cases L is underestimated, however, in comparison
with a hydrodynamic calculation, models based on the solution of the Boltzmann equation
provide a value closer to the real one. The velocity can also be expressed as a function
141

Chapter 8. Behavior of the H atom VDF within the shock...

Fig. 8.6: Normalized H atom velocity (see Eq. 8.6) pro le within the stationary shock wave of

an expanding hydrogen plasma at 20 Pa (open triangle) and at 100 Pa (solid diamond)
background pressure. The parameter z0 corresponds to the center of the shock wave
and L is the shock thickness. The solid line represents the calculated normalized
velocity pro le under the assumption of a bimodal distribution function based on the
theory developed by Mott-Smith [13] and Glansdor [14].

of the Mach number M ahead of the shock front and the adiabatic exponent using the
Rankine-Hugoniot relations. In order to make the results independent of the conditions,
one can de ne a normalized velocity in the following way

w~(~z ) =

w(~z ) w2
:
w1 w2

(8.6)

When the measured (normalized) velocity is to be compared with the theoretical (normalized) velocity given by Eq. 8.4 (Eq. 8.6) a scaling length S needs to be introduced to take
into account the shift in position between the in ection point of the density curve and the
velocity curve. The parameter S is given by

S=

L w2
ln :
4 w1

(8.7)

The comparison between experiments and calculations is shown in Fig. 8.6. As can be seen
from the graph, the agreement is relatively good at the beginning of the shock wave even if
the normalized velocity pro le measured at 100 Pa deviates slightly from the predictions.
However, in the nal part of the shock region, a signi cant deviation is observed. This
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e ect has already been reported in literature in the case of on-axis density pro les measured
in neutral gas shock waves [2, 6, 7]. It arises from the fact that the model developed by
Mott-Smith is a one-dimensional (1D) normal shock wave model which does not account
for scattering e ects. Such e ects, related to the invasion of the supersonic jet by the
background gas, occurs for a 2D shock wave when the ow enters the rare ed regime [23],
i.e. when the Knudsen number Kn is large. It has indeed been observed that at high
background pressure the agreement between experimental data and the Mott-Smith model
is good and it deteriorates at low pressure. The Knudsen number ahead of a shock wave
is the ratio of the mean free path for momentum exchange to the shock thickness. It reads

Kn =

1

nH2 H

H2 L

:

(8.8)

The temperature dependent momentum exchange cross-section H H2 is taken from literature [27] and the H2 density has been measured by means of CARS [28]. Under our
conditions, Kn = 0.7 at 20 Pa and Kn = 0.2 at 100 Pa ahead of the shock wave meaning
that the latter is formed in a transition ow regime. Surprisingly, the H atom velocity
pro le measured at pback = 20 Pa and the one measured at pback = 100 Pa exhibit a similar
behavior in the nal part of the shock wave, as can be seen in Fig. 8.6, in contradiction
with measurements reported in literature. The two normalized velocity pro les deviate
in approximately the same way from the theoretical calculation. In other words there
is no clear in uence of the background pressure. This remarkable fact is a consequence
of the non-conservation of both the H atom forward ux and the H atom momentum
throughout the stationary shock wave of the plasma jet [15, 16, 22]. In that case the
Mott-Smith approach used to calculate the average velocity is not valid since it is based on
the Rankine-Hugoniot relations. A theoretical calculation of the H atom velocity pro le
within the normal shock wave would therefore require a 2D model capable of accounting
for a decoupling between the H atom uid and the H2 molecule uid induced by H atom
surface-recombination processes.

8.6 Conclusions
The speci c ground-state hydrogen atom shock wave pattern formed in a weakly ionized
hydrogen plasma jet can serve as a test case to validate predictions of kinetic models based
on the Boltzmann equation used to study the behavior of the velocity distribution function and the uid macroscopic properties within a shock wave. The two-photon absorption
laser induced uorescence spectroscopy is well adapted to extract local information about
ground-state atoms at a microscopic scale, both in a gas and in a plasma environment.
Using this diagnostic tool one can provide large datasets to support theoretical studies
devoted to the shock wave properties. Such data are also of relevance in order to better
understand the shock wave formation at low background pressure, i.e. in a rare ed ow
regime, and the related invasion of the shock region by the residual gas particles, which is
of interest in various elds like astrophysics and plasma-assisted chemistry.
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Since all sections of this manuscript, which can be regarded as individual stories, have
their own conclusion, we will attempt in this general conclusion to give an overview of
the main outcomes of the last four years of fundamental research on expanding plasmas.
This chapter should therefore be seen as the counterpart of section 1.5 where the main
objectives of this work are presented in the form of a series of questions. The actual view
on the transport phenomena in intermediate scale plasma expansions will be presented
and discussed in the light of our ndings. In doing so, we will also point to experimental
facts that still remain unclear or unexplained, and we will also present new problems that
emerged from that work. In order to open the way in the near future to experiments which,
as we hope, will contribute to con rm our present view.

Inert neutrals: validity of the gas expansion picture
The Rayleigh scattering measurements of the Ar and H2 density pro le along the jet axis
in respectively Ar-H2 and pure H2 expanding plasmas con rm the idea that the expansion
of inert neutrals can be described as a normal gas expansion [1,2]. The data also show
that the inert particle properties such as the density, the velocity and the temperature can
be well approximated using an hydrodynamic approach even in a rare ed ow regime. In
the supersonic domain the set of simpli ed equations governing a steady isentropic ow
can be used. Across the normal shock front the observed di erent compression stages are
predicted by models based on the Navier-Stokes equation. Laser induced uorescence measurements reveal that the supersonic plasma expansion is however not adiabatic, i.e. the
adiabatic exponent is less than the expected value (1.3-1.4 instead of 35 for an atomic gas).
It is well established that the presence of charged particles leads to a low [3]. However,
with H2 seeding, the ionization degree of the plasma is relatively low, and the explanation
must be found elsewhere. The low value of may be caused by the relatively high heat
conductivity at the higher plasma temperature. As a consequence energy can be supplied
from the source and the downstream part of the zone of silence into the supersonic domain.

Atomic radicals: in uence of surface chemistry
Contrary to neutrals, hydrogen radicals exhibit a deviation from the classical expansion
picture. As shown in this thesis, the transport properties of H atoms are very peculiar. For
instance, there is no density jump across the shock front whereas the axial velocity drops,
that corresponds to a non conservation of the H atom forward ux. Another remarkable
property is that in the core of the jet the H atom uid is decoupled from the main gas
uid, and the decoupling is already apparent at the plasma source exit. This is imaged for
instance in the fact that in an Ar-H2 plasma the H atom velocity is higher than the Ar
atom velocity (see, for example, chapter 6). This anomalous transport of hydrogen radicals
is a direct consequence of the interaction between the plasma and adjacent surfaces. It is
clearly demonstrated that under certain circumstances, that are discussed below, surface
chemistry can strongly in uence the plasma ow properties by way of recombination processes.
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The recombination of H atoms at the vessel walls to form molecular hydrogen is an eÆcient process under our conditions. A large surface is available, the loss (or recombination)
probability on stainless steel is high for H ( ss  0:2) and the residence time inside the
vacuum chamber is long (res  1 s). This favorable combination of experimental conditions results in the creation of a large density gradient for H atoms between the jet and
its surrounding (indeed H atom are almost absent in the background). In turn those gradients force H atoms to di use out of the plasma jet, even in the supersonic domain, and
subsequently they are decoupled from the inert neutral uid. The outward di usion of H
atoms makes possible an energy exchange between the interior of the jet and the outside,
that explains the low value of . Moreover, it is shown that even if the mass of the radical
is close to or identical to the mass of the carrier gas (H in H2 and D in H2 experiments),
the losses of radicals can not be avoided. As a consequence only a small fraction of the H
radicals produced in the source is available in the downstream region, creating a net loss
of chemical potential.
One can wonder whether the anomalous radical transport is a very general phenomenon,
or if it mainly concerns H atom in view of its small mass. In an unmagnetized plasma jet,
we demonstrated that the outward losses solely depend on the thermal velocity, on , on
res , and on the momentum exchange cross-section. At the present moment, we have even
more experimental evidences that support the idea of a general process. Some TALIF experiments have been performed on N2 and Ar-N2 plasma jets [4]. It is found that N atoms
are better con ned inside the jet (in comparison with H at identical pressure); nevertheless
losses of N radicals are present [4]. Previous observations originate from a low for N
atoms [5] ( ss  0:001) combined with a relatively low thermal speed.

Source strength and con nement
A point of concern is also the relatively low dissociation degree measured at the source
exit: about 2 % and 7 % for a H2 and Ar-H2 plasma respectively (when calculated on axis).
Indeed a high dissociation degree is expected in the arc channel in the case of hydrogen at
a 1 eV electron temperature. This striking fact was already envisaged from earlier CARS
and depolarization Rayleigh scattering experiments [6], however such a low fraction of H
atoms was not expected. As we will see, the poor plasma source strength can be explained
when involving plasma surface interactions. Once again, this is especially of interest for H
atoms, because the loss probability on a Cu surface (the material the arc nozzle is made
of) is close to unity. As described in chapter 7, since the arc root attached at the nozzle entrance, only a small amount of energy is supplied in the nozzle, and recombination
mechanisms are favored. The H atoms are therefore also lost in the source nozzle via
H + Hwall ! Hv;J
(1)
2 .
The association of H atoms on metallic surfaces is known to generate vibrationally excited
H2 molecules [7]. Yet no signi cant amount of vibrationally excited H2 molecules has
been detected by CARS, neither in the jet nor in the background [6]. This is not in
contradiction with aforementioned explanation; excited H2 molecules can be deactivated
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through collisions with particles (high density in the arc) and with the wall as well (very
eÆcient process). They can also be involved in other reactions (see below). The situation
needs further clari cation, especially due to the fact that CARS measurements could not
be performed at the arc outlet. In the case of a pure hydrogen plasma, the measured low
fraction of H atom may be linked with the observed loss of ionization, i.e. the absence of
visible radiation, through the reactions
+
+
+
Hv;J
2 + H ! H2 + H and H2 + e ! H* + H.

(2)

Subsequently the excited H atom emits light before leaving the arc. This process can also
explain the presence of negative ions, formed by dissociative attachment of electrons on
Hv;J
2 molecules, observed directly at high background pressure.
In the light of our observations we can propose a solution to increase the source strength
and to improve the radical con nement inside the plasma jet, in order to obtain a high
radical density in the downstream region. As regards the source, a good solution is to
supply energy in the nozzle by driving the current outside the arc by means of an external
anode. Another possibility is to vary the nozzle geometry in such way that H atoms only
\see" a small surface (see appendix of chapter 6) and to play with the nozzle material
(the requirements are a low and a high thermal conductivity). To con ne the H radicals
one may use a magnetic eld! The external anode con guration can certainly provide a
relatively high amount of ions; using an applied axial magnetic eld B such as the Hall
parameter He >> 1, the electrons are magnetically con ned. Because of charge neutrality
restraint, the ions get also con ned, and it may become more diÆcult for H atoms to leave
the rotating plasma jet. The con nement may be enhanced because of the eÆcient charge
exchange process between a proton and H: k  10 14 m3 s 1 at 1 eV [8]. Such a con nement method is however not easy to achieve. Indeed, a strong magnetic eld is required to
magnetize the high electron(ion) density necessary to con ne H by momentum exchange:
B  1 T for ne = 1021 m 3 .

Charged particles as transient species
To a large extent, charged particles dominate the chemistry in a plasma environment.
Charge exchange between an ion and a molecule may be an important step in the formation of a new molecule or a radical. For instance, the reaction
Ar+ + H2 ! ArH+ + H

(3)

is exothermic for ground-state H2 by nature. Dissociative recombination of molecular ions
is also an important process in chemistry (extremely fast reaction). Atoms and molecules
can also be excited, ionized or even dissociated by electron impact. The transport of
charged particles therefore deserves some attention. In retrospect, they can be considered
as transient species in the sense that they are also eÆciently consumed at walls. Plasmasurface interactions may accordingly in uence the transport of ions in a (unmagnetized)
plasma jet. Ions recombine at conducting surfaces to form neutrals; as a consequence
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density gradients between the jet and its surrounding are created. The transport of ions
is however more complex than the transport of neutral radicals. It is a ected by electric
elds and friction with electrons. Note that these two in uences can be replaced by rpe in
the electron momentum balance. It also depends on the Debye length1 and on the charge
exchange processes. Departure from the classical expansion behavior may be expected
especially in the case where the Debye length is large (low ionization degree) and where
the charge exchange process is non resonant.

Departure from TE within a shock wave
Another interesting characteristic of a plasma expansion is the departure from thermodynamic equilibrium (TE) within the stationary compression shock wave. The local velocity
distribution function (VDF) of H and Ar atoms is measured by Doppler-shifted LIF. All
VDF exhibit signi cant deviation from the Gaussian form, i.e. the equilibrium pro le,
both in the barrel shock wave and in the normal shock front. Such a behavior is however
expected since a shock wave is a transition zone through which a supersonic ow has to
adapt the local subsonic conditions. To work in a rare ed ow regime makes it easier to
observe. The VDF can be well approximated by two Gaussian components, i.e. a bimodal
approximation is valid. One component (fast and cold component) corresponds to the zone
of silence conditions, i.e. it reassembles particles of the jet that have not yet collided with
particles standing in the shock region. The other component (slow and warm component)
corresponds to the conditions in the shock region, i.e. it represents particles that have
already experienced at least one collision. Across a shock wave, population is gradually
transferred from the fast to the slow component and the macroscopic properties of the two
Gaussian components vary.
No third component, the so-called scattered component, has been observed [9]. The explanation lies mainly in the fact that our bimodal approximation di ers from the Mott-Smith
(MS) model [10]. In the MS approach, the fast component corresponds to the conditions
upstream of the normal shock wave and the slow component corresponds to the downstream conditions. In other words, in the MS model, the properties of the two Gaussian
components are linked to the supersonic and subsonic conditions. Only the content of
the two distributions vary through the shock wave. The existence of a third component
with intermediate properties then results from a blending between the supersonic and the
subsonic distributions.

Mixing with the background gas and recirculation pattern
The departure from TE results from collisions between particles of the jet and particles of
the background. In other words, a shock wave is formed due to the invasion of the supersonic domain by the background gas. A question that still remains concerns the formation
1

The Debye length is the distance over which spontaneous charge separation takes place owing to
thermal motion. Thus it de nes the average distance over which an electric eld may exist in the plasma.

151

Chapter 9. General conclusion

of the shock wave at low pressure: is the shock created by invasion from the Mach disk
region (case in hydrodynamic regime) or is the invasion from the side also important or
even dominant? As shown in the appendices, the invasion and the mixing with background
gas does exist. The Ar atom VDF measured in the barrel shock of an Ar-H2 plasma reveals
that Ar atoms re-enter the jet. Seeding D2 molecules in the background while burning a
H2 plasma, D atoms are found in the supersonic domain. The invasion process depends of
course on the pressure, i.e. on the ratio of mean free path and shock dimension.
Mixing e ects in the shock wave are very important for chemistry. In the supersonic zone,
a high ux is available, combined with a high particle kinetic energy (Ec  2 eV for Ar).
Therefore the remaining question is the magnitude of the radial inward ux. At this moment it is still diÆcult to precisely quantify the invasion but some experiments could clarify
the situation. For example, one can look at the invasion of an argon jet by Kr atoms using TALIF. Probing molecules by LIF in H2 -D2 mixtures is also an interesting possibility
(see [10] and appendix 2). The latter can also be used to establish at which location atoms
are produced via
H(D) + D2(H2 ) ! HD + D(H).
(4)
Mixing between the plasma jet and the background gas is closely linked with the recirculation pattern which arises from the long residence time in the vessel: vortices in which
particles are \trapped" are formed around the jet [11,12]. Recirculation plays an important role in transport phenomena. It o ers several opportunities for particles present in
the background (injected, created at the wall, or coming from the jet) to interact with the
plasma jet.

Towards plasma-surface interaction study
As pointed out in this work the interactions between plasma and surface have a large
impact on both the transport properties and the source features with consequences on the
chemistry. It thus appears to be of prime interest to study in more details those processes
in the near future. To end this general conclusion, we here propose a series of investigations
which would help in the understanding of plasma chemistry as a whole.
The study of the loss probability as a function of the temperature is especially of interest
since Twall 6= Tsource 6= Tsubstrate . Another important issue is the variation of with the ux
impinging onto the surface. The determination of the reaction product, including the state
and the energy distribution, is important from a fundamental point of view to learn about
the dynamics of recombination mechanisms in realistic conditions (so far experiments in
UHV condition and well de ned clean surfaces). For instance the vibrational distribution,
in the electronic ground-state, of O2 and H2 molecules generated at a wall can be probed
by means of LIF. It goes without saying that excited molecules play an important role in
chemistry. Undoubtedly, the subject of formation of molecules on surfaces (CO, NH3 , H2 O
to name a few) is very promising. On a fundamental perspective of course (e.g. production of molecules in interstellar medium), but also to investigate the possibility of using a
surface as a catalyst to favor the production of a desired molecule.
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Appendix A
Invasion of a supersonic jet by the background
gas particles
The rarefaction process of a free jet ow and the subsequent invasion of the zone of silence
by the background gas particles is a well-known problem. It has been already studied in the
late sixties and in the early seventies, both theoretically [1, 2] and experimentally by mass
spectrometric measurements [3]. It has been shown that the invasion is mass dependent in
favor of the light species, and that this e ect can be used for the separation of mixtures of
gases and isotopes [3, 4]. On a technological point of view, it may have other interesting
applications especially in the eld of plasma assisted chemistry. Supersonic plasma jets
are used for instance for the fast deposition of thin layers. In that case, an eÆcient mixing
between the precursor gas injected at the jet periphery and the plasma jet particles is of
crucial importance. Collisions in the shock region with supersonically owing particles
(E  4 eV for Ar in a cascaded arc plasma) may enhance the reactions and thus speed
up the deposition process. On a fundamental point of view, the invasion e ect concerns
the formation of a shock wave at low background pressure. Its in uence on the velocity
distribution function (VDF), and the related appearance of a scattered component, is also
of particular interest.
In all studies, the zone of silence, or the stationary shock wave depending on Kn, is invaded
by a species only present in the ambient gas surrounding the jet and not already in the jet.
That naturally facilitates experiments like ux measurements since it is easy to distinguish
between the di erent uid components. The measurements performed in an expanding
argon plasma jet (see chapter 3) on the Ar atom VDF by Doppler-shifted laser induced
uorescence reveal that in the rare ed regime Ar atoms from the ambient gas cross the
barrel shock wave and penetrate the shock region.
In Fig. A.1 the Ar atom radial VDF (determined in a direction perpendicular to the jet
axis) measured at z = 50 mm, i.e. in the shock region, is shown for r = 0 mm (on the
jet centerline) and for r = 22 mm (in the barrel shock wave). In the two cases a strong
deviation from thermodynamic equilibrium (TE) is observed. The VDF can nevertheless
be decomposed into two Gaussian components, a high perpendicular temperature one, the
warm component, and a low perpendicular temperature one, the cold component.
On the jet centerline, the cold component reassembles Ar atoms from the jet that have not
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Fig. A.1: Radial Ar VDF recorded at 20 Pa at z = 50 mm and at r = 0 mm (left) and r = 22 mm

(right). Also shown is the result of a t using a bimodal approximation as well as
the two individual Gaussian components.

yet experience any collisions with the particles located in the shock wave. The temperature of that group is low due to the quasi-adiabatic cooling process during the supersonic
expansion phase. The warm component corresponds to Ar atoms that originate from the
plasma jet vicinity. Those atoms collide in the barrel shock wave with Ar atoms from the
jet. The resulting energy exchange leads to an increase in the radial velocity spread and
therefore to a rise in temperature. On the jet axis the average radial velocity is zero for
both component as expected in view of the cylindrical symmetry of the expansion. Such a
non-Gaussian Ar velocity pro le, constituted of two equilibrium components of which both
the origin and the properties can be perfectly de ned, is a proof in favor of the invasion
of the stationary shock wave by Ar atoms from the background gas. Indeed at 20 Pa the
mean free path ahead of the shock front is in the order of the jet radius, the shock structure
is di use and therefore the probability that particles enter the jet is relatively high.
In the barrel shock wave, the two velocity groups exhibit an opposite mean velocity. The
velocity of the cold component is positive (for r < 0), i.e. the ow of Ar atom belonging
to that group is directed outward, whereas the mean velocity of the warm component is
negative, i.e. the Ar atoms move towards the jet core. The temperature of the jet particles
increases, in comparison with the situation r = 0 mm, because of multiple collisions.
In Fig. A.2 the mean velocity as well as the temperature of the two Gaussian components
of the Ar atom radial VDF are shown as a function of the radial position at z = 50 mm
and at 20 Pa background pressure. For the cold component the maximum radial velocity
is reached at z = 20 mm which de nes the beginning of the barrel shock wave (M = 1.7
at that location). Behind this limit the velocity decreases and the temperature increases
as a consequence of collisions with the background gas. The barrel shock ends around
z = 40 mm (M = 1). Ar atoms situated in the surroundings of the jet enter the latter
with a radial velocity of about 250 m s 1 . The temperature of this Ar atom group starts to
change signi cantly solely for r < 20 mm, i.e. inside the jet, due to the numerous collisions,
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Fig. A.2: Ar radial VDF Gaussian component mean velocity (left) and temperature (right) as
a function of the distance form the jet axis measured at z = 50 mm and 20 Pa.

and the maximum is reached at the jet center.
When moving towards the jet axis, the contents of the VDF decreases as can be seen in
Fig. A.1, that means only a small fraction of the particles located in the jet vicinity can
reach the interior of the jet. This e ect is naturally pressure dependent: for instance it is
observed that at 100 Pa hardly any particles from the outside reach the jet centerline in
the shock wave region.
We demonstrated that the invasion of the supersonic domain of an expanding jet always
exists at low pressure. This means that it does not only concern a category of particles
di erent from the one that composes the ow [5]. Unfortunately the ground-state Ar ow1
entering the shock wave from the side can not be determined from our data set since we are
probing metastable Ar atoms. Neither can be at the moment the Ar ux that originates
from the downstream region of the shock wave. Such information would be valuable to
study the formation of a shock wave at low pressure, therefore we may have to consider in
the near future the local detection of Ar atoms.
[1] J.B. Fenn and J.B. Anderson, Proceedings Rare ed Gas Dynamics 2, edited by J.H. de Leeuw,
Academic Press, New York (1966).
[2] E.P. Muntz, B.B. Hamel, and B.L. Maguire, AIAA J. 8, 1651 (1970).
[3] R. Campargue, J. Chem. Phys. 52, 1795 (1970).
[4] J.W. Brook and V.S. Calia, J. Energy 4, 199 (1980) and refences herein.
[5] see also S. Mazou re, M.G.H. Boogaarts, J.A.M. van der Mullen, and D.C. Schram, in Heat and
Mass Transfer under Plasma Conditions, edited by P. Fauchais, J. van der Mullen, J. Heberlein,
ANYAS, Vol. 891, 348 (1999), for the invasion of a supersonic Ar jet by H and H2 .
The ambient gas is mainly composed of ground-state Ar atoms, nAr =nAr   104 in the supersonic jet
vicinity at 20 Pa, and therefore the shock wave is mostly formed by collision with those atoms
1
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Appendix B
Recirculation and downstream chemistry
Due to the large residence time inside the vacuum chamber (res  1 s at 20 Pa) recirculation cells are formed around the plasma jet [1]. The created ow pattern allows for
background particles to mix and react with the jet particles, mainly at the boundary of the
supersonic domain and in the subsonic ow zone when Kn < 0.2. This recycling process
is believed to play an important role in the plasma chemistry and kinetics downstream
of the shock wave, e.g. in the formation of stable molecules or molecular fragments. In
order to obtain a better insight on the recirculation process, D2 is injected in the vessel
while creating a hydrogen plasma in an arc, and one of the reaction products, D atoms
in that case, is locally probed. This work is an extension of the work by Meulenbroeks et
al in which HD molecules density and temperature are measured by CARS when burning
the arc on a H2 -D2 mixture [2]. The settings are: 0.4 slm D2 , 3.5 slm H2 , standard arc
conditions. Deuterium atoms are produced mainly via the following reaction [2]
H + D2 ! HD + D

k = 3  10

19

m3 s 1 :

(B.1)

The local D density is measured by TALIF spectroscopy. In gure B.1 the D atom radial
density pro le measured at z = 30 mm at 20 Pa, i.e. shock region, is shown. The maximum
D density is observed at the jet boundary (see Fig. 7.6). Atomic deuterium is also found
inside the jet, meaning that D atoms or/and D2 molecules invade the shock wave. In
gure B.2 the D atom density pro les measured along the jet axis for two background
pressures are shown. First, the D density depends on the background pressure. Second,
the plasma jet supersonic domain is invaded (see Fig. 7.2). Third, the D2 dissociation
degree is extremely low:  10 4 in the subsonic domain at 20 Pa. Finally, at 100 Pa,
the pro le exhibits a maximum around z = 200 mm. These experimental data reveal
that the ambient gas indeed mix with the plasma ow and that molecules injected in the
background can actively participate in the chemistry.
A point of concern is the production of D atoms. Measurements support the idea of local
production. In the jet vicinity, the D density decreases when the H density decreases while
the D2 density remains approximately constant. Moreover, the 100 Pa axial pro le can be
explained as follows: ahead of the Mach disk only few D2 molecules have already entered
the jet, whereas behind the shock wave D2 fully mix with the jet; the D2 density therefore
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Fig. B.1: D atom radial density pro le at Fig. B.2: D atom density pro le along the
z = 30 mm and 20 Pa, when D2

jet axis at 2 di erent pressures for
D2 vessel injection.

is seeded in the background.

increases at the beginning of the subsonic region and subsequently more and more D atoms
are produced since the H atom density decreases only slowly; at some point however losses
of D atoms get larger than production that leads to a decrease of the D density.
Assuming that the main loss mechanism for deuterium atoms is di usion, the local D
density can be estimated by

nD = k nH nD2 

with

=

2
D

30 (2 )R
 v
+
;
vth
th
2

(B.2)

where  is the di usion time [3], 0 the di usion length,  the elastic collision mean free
path, vth the thermal speed, R the vessel radius, and the wall-loss probability. As an
example nD is calculated on axis at z = 100 mm and at 20 Pa. Using Eqs. B.1 and B.2
with = 0.1, and nD2  2  1020 m 3 from CARS measurements, one nds  = 4 ms
and nD  1019 m 3 which is more than two orders of magnitude higher than the measured
value. The discrepancy may arise from an erroneous or from the fact that the reaction
between D and H2 is not taken into account. This simple estimation however reveals that
the problem of D atom, or associated HD molecule, production as well as the issue of
invasion of the supersonic domain by D2 , can only be solved by measuring the local D2
density, using two-photon LIF spectroscopy for instance.
[1] W.M.M. Kessels, A. Leroux, M.G.H. Boogaarts, J.P.M. Hoefnagels, M.C.M. van de Sanden,
and D.C. Schram, J. Vac. Sci. Technol. A 19, 467 (2001).
[2] R.F.G. Meulenbroeks, D.C. Schram, M.C.M. van de Sanden, and J.A.M. van der Mullen,
Phys. Rev. Lett. 76, 1840 (1996).

[3] P.J. Chantry, J. Appl. Phys.
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62, 1141 (1987).

Summary
The expansion of a plasma from a hot and dense source to a low pressure environment
is a general physical phenomenon which concerns a large variety of objects such as supernovae, solar ares, laser spots, and free jets produced from thermal plasma sources.
Over the last decade, the transport of charged particles as well as ground-state atoms
and molecules has been extensively studied in laboratory scale plasma expansions. It
has been shown that, to a large extent, the ow characteristics of ions and electrons and
inert atoms and molecules could be interpreted in terms of a quasi-adiabatic supersonic
expansion of a gas into a vacuum. In other words, the theory of the free jet ow developed
in the eld of gas dynamics could be well applied in the case of a plasma expansion, only
minor corrections being necessary to account for eld and current generation, and for the
relatively high plasma temperature (departure from adiabatic ow).
However, at this point, questions remained about the transport properties of atomic
radicals, i.e. reactive neutral atoms such as H, N, C, in a supersonic plasma ow. This thesis
is mainly concerned with the study of transport mechanisms of ground-state hydrogen
atoms in the expansion of thermal plasmas generated by a cascaded arc from Ar-H2 and
He-H2 gas mixtures, and from H2 gas. A clear understanding of transport phenomena in
free plasma jets containing hydrogen are of prime importance since H atoms play a key
role in plasma assisted surface modi cation processes (deposition of thin lms, etching of
microstructures) as well as in the eld of controlled nuclear fusion. The local macroscopic
properties of the H uid (density, temperature, velocity) are determined by means of Twophoton Absorption Laser Induced Fluorescence spectroscopy. The properties of Ar atoms
are measured by LIF (with a cw source) and UV Rayleigh scattering, and the behavior of
H2 molecules is probed by UV Rayleigh scattering.
We found that the transport of atomic radicals can not be described using the classical
free jet ow picture. Contrary to inert particles, hydrogen radicals recombine on a surface
(the reactor walls) to form stable hydrogen molecules. This recombination process induces
huge density gradients between the plasma jet and its surrounding which in turn force the
radicals to di use out of the jet. It is demonstrated for the rst time that, under speci c
circumstances (high wall-loss probability and large residence time) surface-chemistry can
play a key role in the transport mechanisms of reactive particles.
The evolution of both the H and Ar atom velocity distribution function in the course
of the plasma ow, especially in the stationary compression shock wave where a strong
departure from thermodynamic equilibrium occurs, is also investigated, as well as the invasion of the supersonic domain of the jet by the residual background gas. We found
that in a rare ed ow regime a bimodal approach can well describe the measured velocity
distribution function in the shock region. However, the two-component model of the velocity distribution proposed in this thesis di ers from the Mott-Smith approximation that
explains the absence of a third component, the so-called scattered component.
Stephane Mazou re, June 2001.
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Plasma Expansions Containing Hydrogen
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door
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I
Wall-association processes can strongly in uence the transport mechanisms of radicals in
plasma expansions.
Dit proefschrift

II
Within the stationary shock wave of a plasma expansion the atom velocity distribution
function can be decomposed into two Gaussians. One component corresponds to the unhampered supersonic conditions. The other component originates in collision events.
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III
In a rare ed ow regime, the shock region and the supersonic domain of an expanding
plasma are invaded by background gas particles.
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IV
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After more than four years spent in The Netherlands, I discovered that the country of
individual freedom was not the one I thought of.

V
To love someone today is to take the risk of loving someone else tomorrow.
VI
Imagination creates dreams. Science destroys them by confronting us with reality.
VII
\Anticipatory plagiarism occurs when someone steals your original idea and publishes it a
hundred years before you were born."
Robert Merton

VIII
The existence is ruled by free will, not by determinism.
\My life was running out, I knew not through what breach."
Samuel Beckett, Molloy.
IX
The only di erence between Religion and Science is that Science does account for observational facts.
X
Controlled nuclear fusion could certainly be achieved if no reactor walls would be needed.
XI
Fortunately life is not always straightforward.

