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Chapter 1
Introduction

Low temperature plasmas are commonly used in industrial applications for such
surface modifications as cleaning, etching and the formation of thin films, such as
diamond coatings or amorphous silicon films [Gri94, Rot95, Jan92]. As a working
gas or dissociation product hydrogen is present in most of these plasmas. Typical
processing plasmas are direct current, radio—frequency or microwave discharges,
which can operate over a wide range of adjustable parameters [CS00]. In order to
optimize and control the processes, simple and easily handled plasma diagnostic
methods have to be applied as standard [Hut87, AF89]. Furthermore, model
calculations which predict plasma parameters in a wide range of applications
have to be checked with results obtained using plasmas diagnostic methods. Here,
emission spectroscopy is a powerful tool providing a wealth of information about
plasma parameters [Gri64, TLJ99].

In controlled fusion experiments [Wes87, Sch93] hydrogen and its isotopes are
the fundamental gases. Here it is distinguished between the plasma core and
the plasma edge. The edge plasma is in contact with surfaces and plasma wall
interaction takes place [PB86]. ‘To reduce the heat load to the surfaces plasma
particles can be forced to flow into the so—called divertor, where they recycle
[Sta00a]. Here, the plasma is characterized by parameters which are comparable
to those of low temperature plasmas. Atoms recombine at the target plates of
the divertor and produce hydrogen molecules. Chemical erosion of carbon, com-
monly used as wall material, by hydrogen atoms and ions leads to the formation
of hydrocarbons which then penetrate into the plasma [Rot01]. In order to quan-
tify the products (Hy and hydrocarbons) and to study their influence on plasma
dynamics, diagnostic methods have to be used. Since emission spectroscopy is
one of the standard diagnostics in fusion experiments, the methods of analysis
developed and proved in laboratory experiments can also be applied here.

This work focuses on the application of emission spectroscopy to typical pro-
cessing plasmas (laboratory experiments at the Universitdt Augsburg) and to the
plasma edge of fusion experiments (divertor plasmas at the Max-Planck-Institut
fiir Plasmaphysik, Garching). Emission spectroscopy is an easily handled diag-
nostic method of plasmas, preferably in the visible spectral range and is frequently
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used for detecting impurities in the plasma and for monitoring processing plas-
mas. Here, relative dependencies of line radiation of atoms and molecular bands
can be observed readily. However, to derive plasma parameters from the mea-
sured radiation, the interpretation of spectra can be complex due to the amount
of information included.

The objective of the underlaying investigations is to derive as many as possible
plasma parameters from measurements of absolute line radiation of atoms and
of molecules, particularly in hydrogen and deuterium plasmas. Special emphasis
is given to a detailed analysis to provide reliable results. The interpretation
of radiation is supported by population models, which are generally applied in
low pressure, low temperature plasmas and are typical models for these non-—
equilibrium plasmas: corona model and collisional-radiative model. In particular,
in molecular plasmas with low degree of dissociation and a variety of dissociation
products, the radiation of atoms and molecules originates from various excitation
processes: direct excitation and dissociative excitation from different species in
the plasma.

Emission spectroscopy in the visible range gives information of the popula-
tion of excited states which is related to ground state densities by applying the
population model. However, results of calculations depend on plasma parameters
as electron temperature and electron density but metastable states and self-
absorption of resonance lines may also influence population of the higher excited
states. Here, laboratory experiments are advantageous because, in comparison to
inhomogeneous divertor plasmas, they have well defined parameters along a line
of sight. Therefore, emission spectroscopy is applied first to helium and argon lab-
oratory plasmas where the densities of metastable states are measured by using
white-light absorption spectroscopy. Furthermore, self-absorption of resonance
lines is checked by a comparison of measured and calculated population densities
applying the population escape factor method. This method is then simplified
- for direct applications by introducing correction factors for absorption. Helium
and argon are generally used as diagnostic and buffer gases in the laboratory
experiments. In particular, a emission line of helium is identified to be preferred
for sensitive measurements of electron temperatures in mixtures of hydrogen and
helium.

Other diagnostics techniques are applied also in order to determine as many
plasma parameters as possible. These results are used to support and confirm
interpretation of emission spectroscopy measurements. Spatial profiles of plasma
parameters are measured by Langmuir probes in particular the electron density.
Line integrated electron densities are determined by microwave interferometry.
Neutral particle densities in the plasma chamber, either of gas components or of
particles produced in the plasma are measured by a residual gas analyser. Fur-
thermore, some basic balance equations are used to either compare measurements
of plasma parameters with calculations or to predict parameters which are not ac-
cessible directly by the diagnostic techniques. Here, particle densities of radicals
are of main interest.

Collisional-radiative models and modeling of plasma parameters need reliable




input data such as cross sections and rate coefficients for excitation, ionization
and dissociation. Therefore, data necessary for the investigations are compiled
from literature, critically reviewed and selected if necessary. Since rate coefficients
for electron impact are calculated by a convolution of the cross section and the
electron energy distribution function, the latter must be determined. For this
purpose, calculations of electron energy distribution functions are compared with
results from a spectroscopic diagnostic method.

On the basis of the detailed analysis of pure rare gas plasmas, mixtures with
hydrogen and deuterium are investigated in laboratory experiments. Here, emis-
sion spectroscopy is applied to determine particle densities of atoms and molecules
whereas in the plasma edge of fusion experiments flux measurements are preferred.
Again special emphasis is given to the interpretation of atomic and molecular
hydrogen radiation. Isotope effects are highlighted. Furthermore, a new diagnos-
tic method for the determination of the vibrational population of molecules in
technical plasmas is described and established in a variety of experiments. The
method is supported by a collisional-radiative model and offers a sensitive diag-
nostics of electron temperature in cold divertor plasmas of fusion experiments.
Results are given which prove the diagnostic method to be complementary to
other techniques. In addition, the role of hydrogen molecules in divertor plasmas
is investigated in detail, in particular the role of the vibrational population on
the recycling regime.

A further important issue in fusion experiments is the plasma wall interac-
tion, which is investigated in laboratory plasmas. Here the interaction of hy-
drogen plasmas and carbon surfaces is studied, with special respect to the effect
of hydrogen isotopes. The diagnostic methods, emission spectroscopy, residual
gas analyser and weight loss measurements methods are described briefly and
results for chemical erosion of carbon at low temperatures and low ion energies
are presented and compared with an established semi—empirical model.

Since hydrogen is also present in methane and silane plasmas, similar di-

agnostics are applied to methane and silane laboratory plasmas. Furthermore -

diagnostics of hydrocarbons in methane plasmas contribute to an improved un-
derstanding of chemical erosion processes as discusses in the paragraph before.
The investigations focus on a comparison of the dissociation channels and on
the measurement of the dissociation products. Nitrogen and oxygen plasmas,
commonly used for the nitriding and cleaning of films respectively, are also in-
vestigated by emission spectroscopy, and the degree of dissociation is determined
and compared with those of hydrogen plasmas.

In summary, atomic and molecular emission spectroscopy is shown to be a
powerful tool for the diagnostics of low temperature plasmas containing hydro-
gen and deuterium. Special emphasis is given to the interpretation of measured
radiation in particularly for molecules. Investigations are carried out in both
types of plasmas (laboratory and divertor plasmas) in hydrogen and deuterium
in order to obtain scaling laws to other isotopes such as HD, DT or tritium, which
are important for future fusion plants.

The report is organized as follows: first typical properties of low pressure,
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low temperature plasmas are described together with equilibrium models and
some balance equations useful for theoretical predictions. Then the basic exper-
iments are introduced. The next chapter gives an overview over the diagnostic
methods, starting with emission spectroscopy which is followed by the diagnos-
tic technique of absorption measurements. Microwave interferometry, Langmuir
probes and mass spectroscopy are described as well. Chapter four gives results of
helium and argon plasmas in laboratory experiments whereas chapter five deals
with results of hydrogen and deuterium plasmas in laboratory discharges as well
as in divertor experiments. Results of diagnostics of plasma wall interaction of
hydrogen plasmas with carbons surfaces are also presented in this chapter. In-
vestigations of methane and silane plasmas are given in chapter six, which also
presents dissociation degrees of various (diatomic) molecular plasmas. The last
section summarizes and concludes.




Chapter 2

Low Temperature Plasmas

A useful definition of a plasma is the following [Che74]:

“A plasma is a quasineutral gas of charged and neutral particles which exhibits

collective behaviour.”

‘Plasmas can be characterized by two parameters, density n and temperature 7',
which cover a wide range of values: 18 and seven orders of magnitude, respectively.
In nature, low density (106 m~3) and low temperature (0.01 eV) plasmas dominate
the interstellar space, whereas inertial confinement fusion plasmas are dense and
hot (10?7 m~3 and 10* eV). Other plasmas cover the range between. In plasma
physics, temperature is frequently measured in electron volts (eV) where 1 eV
corresponds to 11605 K. In thermal equilibrium the particle motion is given by
a Maxwellian distribution and the average kinetic energy < £ > is related to
temperature by: < E>=3/2kT (1/2kT per degree of freedom). In most cases,
plasmas are not fully ionized and are described by densities and temperatures for
the species separately neutrals, ions and electrons. Quasineutrality of a plasma
ensures that the ion density is equal to the electron density (n; = n.), whereas
because of their similar masses the ion temperature is closely coupled with the
temperature of neutral particles (atoms or molecules) and is usually lower than the
electron temperature (T, ~ T; < T.). This is especially true for low temperature
plasmas, which are not in thermal equilibrium.

2.1 Typical plasma parameters

Low temperature plasmas are frequently used for technical applications and can
be generated by various frequencies of power supplies: DC (direct current), RF
(radio—frequency, 1 — 100 MHz) and MW (microwave, 1 — 100 GHz). Due to the
small mass of the electrons and their fast mobility these particles are heated pref-
erentially in discharges. Depending on the frequency applied and the generator
input power, the plasma discharges operate in a wide pressure range, typically
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between 0.01 and 10000 Pa. These plasmas are often called low pressure plasmas.
Typical plasma parameters are n, = 10" — 10'®* m™® and T, = 1 — 10 eV. The
manifold of processing plasmas, i.e. technical plasmas, and their applications are
described, e.g., in [Gri94, Rot95, Jan92].

In the following the characterization of low temperature plasmas is restricted
to the fraction of low pressure plasmas which are used for industrial applications
and as laboratory experiments, in particular in case of this work, for diagnostic
purposes. Therefore, typical glow discharges (DC plasmas), RF discharges af
13.56 and 27. 12 MHz, and MW plasmas at 2.45 GHz in the pressure range of
0.1 — 1000 Pa are illustrated.

2.1.1 Densities

‘In the pressure range of some Pa electrons accelerated by the electric field collide
with neutral particles and produce ionization. Since the collision frequency v, is
high, the mean energy of the electrons remains lower than the ionization energy
of the neutrals. As a consequence, low pressure plasmas are mostly singly ionized
plasmas with a low degree of ionization o= n;/(n, +n;) & ne/n, = 1073 —107°.
Electron densities are in the range of n, = 10* — 10'® m~3. Typically, DC and
RF discharges belong to the lower density range whereas MW discharges belong
to the higher end of n..

2.1.2 Temperatures

The heavy particle temperature of these plasmas is in most cases slightly higher
than room temperature (7,,7; :~ 300 — 1000 K) whereas electron temperature
is considerably higher: T, = 1 — 10 eV. Since the density of electrons is much
lower than the neutral particle density, the heat transfer to surfaces or chamber
walls is low and is dominated by the neutral particles. As a consequence, surfaces
inserted into such a plasma will not be heated by electrons and remain at the
neutral particle temperature which is an advantage for surface processing. For
the heavy particles a Maxwell energy distribution function can be used and a
temperature is defined for these particles. However, the energy distribution of
the electrons can deviate from a Maxwellian distribution, since the electrons make
inelastic collisions. Thus, an assignment of a temperature to the electrons may
not be justified and has to be checked for each discharge separately.

2.1.3 Electron energy distribution function (EEDF)

The velocity distribution of particles is described by a Maxwell distribution func-
tion if elastic collisions are dominant. In a plasma, each species (neutrals, ions
and electrons) may have his own temperature, i.e. Maxwellian distribution func-
tion. Due to high density the neutrals thermalize among themselves by elastic
collisions. In addition, the heavy particle temperature is low in comparison with
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the electrons temperature, which means that the high velocity (or energy) tail
is not relevant for inelastic collisions. For electrons the situation is different. In
terms of particle energies the Maxwell energy distribution is given by:

F(B)dE = - _VE exp (—E | kT,) dE . (2.1)

NACUAEE

The distribution function f(F) depends on the energy of the electrons E and is
characterized by the electron temperature T,. If the electrons make inelastic col-
lisions, deviations from a Maxwellian distribution occur, especially in the energy
region above the first energy threshold of the inelastic process. Examples are
excitation of an atom from the ground state which needs the threshold energy
E,;,» or ionization requiring the ionization energy E,,,. Since the electrons lose
their energy, the low energy part of the distribution function is enhanced and
the high energy part is depleted. A special kind of such a shape of the energy
distribution function is described by a Druyvesteyn distribution [Dru30}:

2 [2T(5/A\** VE [ 2D(5/4)\” ,
<w®<M@mQ @ﬂﬁ@“p(<mmmJ(EMﬂxri
, 2.2

F(E)dE =

where I'(z) is the Gamma—function. The distribution function is normalized 50
that

/ " HE)dE =1 (2.3)

is fulfilled. In detail, the electron energy distribution function (EEDF) depends
mainly on the neutral species and their densities, on the applied electric field
and also on the generator frequency leading to individual distribution functions
for the particular discharge in question. Such functions have been calculated by
many authors for a variety of gases and discharge conditions (see e.g. [CGL93]
for a general overview). A useful general statement for the applicability of a
Maxwellian distribution is given in [FL84] which correlates the ionization degree
with the type of distribution, i.e. a Maxwellian distribution is given for a 2
1074, Therefore it can be expected that typical DC and RF discharges have
EEDFs which are non-Maxwellian and tend to a Druyvesteyn distribution (due
to operating at higher pressure), whereas in MW plasmas EEDF's are close to a
Maxwellian distribution.

2.2 Equilibrium and population models

Due to the collective behaviour of particles the plasma can be described by sta-
tistical mechanics. In thermodynamic equilibrium (TE) only one temperature
exists and the following four equilibrium distributions are valid:
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e Planck blackbody function for radiation energy

e Saha equation relating the number densities of atoms, ions and electrons
e Boltzmann distribution of population among excited states

e Maxwell distribution of particle velocities for all types of particle

TE requires that every collision and radiation process is in equilibrium with the
corresponding inverse process. Most plasmas are not in thermal equilibrium and
equilibrium equations are only partly fulfilled. If the radiation density is below the
blackbody level but the three other distributions are still valid, then this is called
the local thermodynamic equilibrium (LTE). This is a collision dominated regime.

Partly local thermodynamic equilibrium (PLTE) is a further classification: LTE

holds down to a definite excited level called the thermal limit. Typical appli-
cations for LTE and PLTE plasmas are stabilized arcs at atmospheric pressure.
Details of these equilibrium equations and their limitations can be found in, e.g.,
[TLJ99, LH68, Gri64]. For the variety of laboratory plasmas further restrictions
have to be made which follow the order of the four equilibrium equations given
above, i.e. Maxwell distribution of each particle species alone is valid longest.
Frequently these plasmas are described by corona equilibrium or the collisional—-
radiative model until they reach Boltzmann equilibrium. Low temperature, low
pressure plasmas are of this type.

2.2.1 Corona model

In low temperature plasmas where electron densities and ionization degrees are
low and each particle species is defined by its own temperature (if this is possi-
ble), equilibrium can be described by the corona model. Corona equilibrium is
applicable to the corona of the sun where electron temperature is high (= 100
eV) and electron density low (~ 10'* m™?). The radiation density is also low and
it is assumed that upward transitions are due to electron collisions while down-
ward transitions occur by radiative decay. The balance equations concerning
population and ionization are given as follows:

a+er—a +e electron impact excitation (2.4)
a+hva* spontaneous emission (2.5)
a+ef—iteteg electron impact ionization (2.6)
a+hvite radiative recombination (2.7)

a and 7 denote the atom and the ion in its ground state, a* is an electronically
excited atom, hv describe the radiation and ef, e; denote the fast and slow
electron. The inverse processes of (2.4) and (2.6), which are electron impact
de—excitation and three-body recombination, are not relevant because electron
density, excited state population and ionization degree are all low. Since radiation
density is also low, self-absorption, which is the inverse of processes (2.5) and (2.7)
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is not important either. In its simplest form the corona equation for excitation
is:

nine X§2(T,) = n(p) D Apk (2.8)
k

where n(p) is the population density in the electronically excited level p. Ay
denotes the Einstein A coefficient (transition probability). Equation (2.8) requires
that level p is populated by electron impact excitation from the ground state and
depopulation occurs only by spontaneous emission. Since populations of excited
levels are orders of magnitude lower than the population of the ground state n,,
the latter can be replaced by the neutral particle density n,. X73°(T¢) is the rate
coefficient for electron impact excitation which depends on electron temperature
T, and is given by integrating the excitation cross section o1, (L) over the EEDF:
. _ 5

XT) = (op(0)0) = [ o)y o fdE. (29)

Electrons below the energy threshold of the process in question do not contribute
to the excitation. Since in most cases T, is lower than Ey,. only electrons in the
high energy part of the EEDF lead to excitation and the cross section around the
energy threshold has to be known precisely.

The corona model gives the following balance for ionization:

. Nz Ne SZ,Z_H(TQ) = nZ—H Tle CY(TE) . (210)

nyz and nzy; denote the particle density in the ionization stage Z and Z + 1
respectively. Sz z+1(T. .) is the rate coefficient for electron impact ionization which
is again given by Eq. (2.9) using the corresponding ionization cross section. The
radiative recombination coefficient «(7,) depends also on 7,. The ionization
degree is independent of electron density: '

_ S(Te)
o, a(Ty)

Often the corona equations (2.8) and (2.10) have to be extended by includ-
ing electron impact excitation from metastable levels since their population is
considerable and cross sections from these states into higher excited states are
orders of magnitude higher than cross sections for ground state excitation. Other
processes, such as self absorption of resonance lines or dissociative excitation of
atoms from molecules, will be discussed later but can be implemented easily in
the balance equations.

If each process of (2.4) — (2.7) is in equilibrium with the inverse process (de-
tailed balance) one would get a Boltzmann distribution (Eq. (2.12)) among the
excited states and the Saha equation (Eq. (2.13)) would be valid, which means the
plasma is in thermal equilibrium (or LTE or PLTE). For the relative population
of level p to the ground state the Boltzmann distribution yields:

(2.11)

MUE) _ % oy (- L2

e 2.12
71 g1 ¢ kTe ( )
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Corona LTE
equilibrium ~1/n,
i CR-model
Z+1 . . - T~ ~
log—"~1 ionization >
z
p=m _
Np o N
log excitation U
n, N, -
H \
p=k : AN :
: S~ oltzmann
T, = constant | : :
| ) ) [
10" m3 102 m?

electron density

Figure 2.1: Dependence of the ionization and excitation balance on electron density in corona
equilibrium and LTE. The intermediate range can be described by collisional-radiative models.

with the statistical weights g, and g1 of the levels involved and the energy E, of
level p. The ionization balance is given by the Saha distribution:

Eion

nNz41 9z+1 9 (27rme kf'Te)B/Q )
kKT, ’

e = exp (—
ng 9z h3 P

(2.13)

Assuming single charged ions the left hand side of the equation is equal to n.2/ny
and the ionization degree increases with decreasing electron density.

Figure 2.1 summarizes, schematically, how the corona equations, the Boltz-
mann and Saha equation depend on electron density. Rough electron density
limits for application of these two types of equilibrium are given. In the range
between, so—called collisional-radiative models (CR-model) have to be applied,
in which a balance of collisional and radiative processes for each level of an atom
or molecule is considered. They depend on more parameters than electron density
and electron temperature particularly they also depend on properties of the atoms
or molecules themselves and bridge the region between corona and Boltzmann,
Saha equilibrium in a complex manner.

2.2.2 (Collisional-radiative model

The corona model can be extended by taking into account population and depop-
ulation processes amongst a set of relevant levels so that the time development
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of the population density of state p in a CR-model is given by:

d
Z(tm = > n(k)ne Xg% + > n(k) ne X5
k<p k>p

=) () ne X570 = ) n(p)ne X;5%
P

k<p k>p (2.14)

= n(p) Apr + Y n(k) Ay

k<p k>p

—n(p) ne Sp + Ne e M Bp + Ne M 0

The first two terms of Eq. (2.14) are populating processes by electron impact
from all levels k # p. The inverse depopulating processes with the corresponding
rate coefficients are described by the next two terms. Following these, the fifth
and sixth terms describe spontaneous emission from and into state p. The last
three terms take into account ionization from the specific level and recombination
processes into this state, i.e. three-body and radiative recombination. Further-
more, opacity, i.e self absorption of emission lines, may be important and can be
included in the equation by reducing the transition probability by the population
escape factor (Sec. 2.2.4). In most cases the time derivative can be assumed to
be negligible (quasi-stationary states)
dn(p)

—— =0 .
T , (2.15)

except for the ground state and metastable states (if they exist). For these, parti-

cle transport may be important and one then has rate equations for each species.
According to the quasi—steady-state solution the set of coupled differential equa-
tions (2.14) is transformed into a set of coupled linear equations which depend
on the ground state density and ion density. These equations are readily solved
in the form:

n(p) = Ro(p) nine + Ri(p) m e . (2.16)

Ro(p) and R;(p) are the so—called collisional-radiative coupling coefficients de-
scribing ionic and ground state population and depopulation processes, respec-
tively. They are functions of n, and 7, the latter arising from temperature
dependence of the rate coefficients.

The population density is also often expressed in terms of the Saha~Boltzmann
equilibrium using a normalized population density, i.e. the Saha decrement:

_ n(p)
ng(p)
Z(p) is the reciprocal value of the right hand side of the Saha equation (2.13)

applied to state p. This leads to the following expression for the population
density:

with ng(p) = Z(p)nine . (2.17)

p(p) = ro(p) +11(p)p(1) , (2.18)
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spin change
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0 = energy

Figure 2.2: Typical shapes of electron impact cross sections for three types of transitions.

where 7o(p) and 71(p) are called the (reduced) population coefficients.

For atoms with simple and clear energy level structure such as hydrogen and
helium a variety of CR-models exist, namely the models of Drawin [Dra69] or
Johnson&Hinnov [JH73] for hydrogen and Drawin&Emard [DEK73, DE73] for
helium. These tabulate the (reduced) population coefficients for several plasma
conditions. Fujimoto has CR-models for atomic hydrogen [Fuj79b, Fuj79c| and
helium [Fuj79a] which includes metastable states. Because of the increasing num-
ber of levels with atomic number, CR—models are rare for other elements.

A common issue arising in the construction of CR-models is the data base
needed for cross sections or rate coefficients. Since, for a specific element, not
all cross sections for the manifold of transitions are known, simplifications or ex-
trapolations have to be made, especially for higher excited levels. Cross sections
or rate coefficients can be calculated by various methods, e.g. Coulomb-Born or
Born—Bethe approximation for excitation or Lotz formula for ionization, which are
in particular valid for high energies E > Ey,,. A summary of the various meth-
ods is given, for example, in [SVY81] or [She81]. Many cross sections have been
measured by different methods, mostly electron beam experiments. They have to
be compiled from literature and critically reviewed. Unfortunately, in many cases
data points are measured at high energies. For many applications a Maxwellian
distribution of collision partner velocities is assumed and rate coefficients are im-
plemented as polynomial fits in a computer code. Since low temperature plasmas
are characterized by low ionization degree and T, < Ej,, the EEDF have to be
known, and accurate cross section data near threshold energy are necessary to
get reliable rate coefficients.

Cross sections for excitation can be divided into three groups: cross sections
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for optical allowed transitions, optical forbidden transitions and transitions with
spin change (intercombination). Their characteristic dependence on energy is
sketched in Fig. 2.2. For optical allowed transitions the cross section decreases
asymptotically with In E/F and in the optical forbidden case with 1/E. Transi-
tions changing the multiplet system show typically a 1/ E? behaviour.

Cross sections for electron impact de—excitation can be calculated by using
detailed balancing:

n AFE
exc de—ezc de—exc exc '’k exc gk

neneXgy = NpNeX, i = X5 “=Xey —| =Xk o exp (k ).
D e

P g g
(2.19)

This assumes population of level p by electron impact from level k¥ and depop-
ulation by the inverse process without any competing processes, 1.e. population
densities of these levels are in thermal equilibrium (TE) among each other. AE
is the energy difference between the two levels.

2.2.3 Effective rate coefficients

The emitted power of a transition from level p to level j per unit volume and
solid angle is given by the line emission coefficient &, 4:

hv

ok = o (p) Aps - (2.20)

The number of emitted photons per unit volume and time Np,j is then written as
follows:

Np,j =n(p) Ap; , (2.21)

which means that emission spectroscopy yields the population density in the
‘upper state of the measured transition. On the other hand population densities
can be calculated by the corona equilibrium (2.8) resulting in:
. A .
Npj =nine X{5(T,) =—2— =nin. X7 (Te) , (2.22)
’ 2k Apk ’

with the emission rate coefficient X 7(T,) given by the excitation rate coefficient
times the branching ratio:

b J— Ap).j
P Zk Ap,k .

If the corona equation for excitation has to be extended by other processes, e.g.
excitation out of metastable states, or if a CR—model has to be applied for the
plasma in question, effective rate coefficients can be calculated from the predicted
population densities by combining Eq. (2.21) and Eq. (2.22):

(2.23)

e n\p
XINT,,..) = (p) Ay, (2.24)
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which gives X7 (T.) in the simplest corona case. As a consequence all populating
and depopulating processes which are not included in Eq. (2.22) are now repre-
sented by the effective rate coefficient. Due to the manifold of processes included
in a CR-model this rate coefficient no longer depends only on 7, but also on n,
and other plasma parameters. For evaluation of spectroscopic data, 1.e. N, the
corona model can be applied together with the effective rate coefficient calculated
by using a CR-model. '

2.2.4 Radiation transfer and self—absorption

Plasmas in which self-absorption of radiation can be neglected are called optically
thin. Since low temperature plasmas are collisional-dominated plasmas they can
be treated as optical thin in a first approximation. However, due to high popula-
tion density in the ground state in comparison with excited states, reabsorption
of the strong resonance lines may occur, in particular in plasmas with large di-
mensions. Then, the effect of radiation trapping must be taken into account and
the influence of the radiation field on the population density of the atomic levels
must be considered. Furthermore, the intensity measured at any wavelength is no
longer the emission coefficient itself and the line shape is influenced too. Due to
the complexity of reabsorption a general solution does not exist and the problem
has been treated in different approximations. A general overview of optical thick
plasmas and their description is given in [LH68, TLJ99, Hut87].

The following summarizes the essential definitions and formulae necessary to
introduce a method frequently used for considering opacity in CR-models — the
population escape factor method. For simplicity it is assumed that the plasma is
homogeneous over its whole length [, i.e. T, n, and n; are uniform.

The passage of radiation through a plasma has to be described by the radiative
transport equation:

% =¢e,— k() I, . (2.25)
The change of intensity I, when passing a unit path length dl is given by the
emission within this layer and by the decrease of the intensity due to absorption
along dl. &, is the spectral emission coefficient and (v) the absorption coefficient
per m, both depending on frequency v. It has to be mentioned that r,(v),
the spectral line absorption coefficient is the effective absorption coefficient, i.e.
absorption minus stimulated emission. Since the latter is not of importance for
the plasmas considered here, stimulated emission is neglected. By introducing the
so—called source function S, = ¢, / k(v) the radiative transport equation (2.25)
can be written as
dl,
dr
dr is the optical depth and 7(v) describes the optical thickness at frequency v,
of a plasma with length I

=S, —1, with dr=«(v)dl. (2.26)

T(v) =k(v)l. , (2.27)
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For homogeneous plasmas, Eq. (2.26) can be readily integrated (I,(0) = 0):

I, = H(;) (1 —exp (—r(v)1)) =S, (1 —exp (—7(v))) . (2.28)
One definition of optical thin is that ()l = 7(r) < 1, since in this case the ex-
ponential function in Eq. (2.28) can be approximated by using its linear expansion
and I, is correlate only to the spectral emission coefficient.
The total area under the absorption coefficient is related to Einstein’s tran-
" sition probability for absorption By, or with the oscillator strength f (f-value)
by:

h vy e? g, 2
_ _ p

/ Kip(V) AV = ng By =ny f =ng Apk 5 )
line c degmec gk V28

(2.29)

vy is the frequency of the line centre, ¢ the velocity of light and €y the permittivity
of free space. in comparison to the reabsorption of atomic lines, the reabsorption
of molecular bands is rare because of the distribution of the absorption coefficient
over the variety of rotational lines in the resolved rotational structure.

The spectral emission coefficient and the transition probability are related by:

h
/ e,(V)dv =¢ep =np Api ] , (2.30)
line 47T

using the line emission coefficient. The emission and absorption line profiles are
usually assumed to be equal. It has to be kept in mind that to convert-frequencies
into wavelengths c/ A has to be used whereas ¢/\? holds for convertmg spectral
coefficients.

The equation for the population balance in a CR-model, Eq. (2.14), can now
be extended by an expression for the absorption from all lower levels, which is a
populating process so that:

06) _ S ng pk+z/’ A o) I dA+ ... (2.31)

dt hv
k<p k<p

The frequency dependence has been changed to a wavelength dependence and the
spectral radiance Ly(\) is used instead of the spectral intensity. Furthermore,
isotropic radiation in the plasma volume is assumed. The first term represents
the losses by spontaneous emission and is already included in Eq. (2.14). To
combine spontaneous emission and absorption, the latter is subtracted to give:

dn(p) 4 /
= ZApk< A lmemk,p(A)LA(A)d/\ +

k<p

= ... —n(p)ZAp,k@p,k + .

k<p

(2.32)




16 Chapter 2. Low Temperature Plasmas

Thus optically thin transition probabilities are reduced by the population escape
factors ©,  which can be expressed as the ratio of absorbed to emitted radiation
power. The population escape factors describe the influence of the radiation field
in the plasma volume on the population of the electronic states. They may not
be mixed up with escape factors which represent calculations of the radiation
transfer along a line of sight through the plasma, and which are necessary for
analysing measured line radiation influenced by self-absorption. As can be seen
from Eq. (2.32) the population escape factor is smaller than 1 and depends on
the absorption coefficient, the line shape and the plasma geometry.

The escape factor method was first introduced by Holstein [Hol47, Hol51] who
also derived an approximation for a plasma of large optical thickness:

1
To V7 InTgy

b is the characteristic length of about half the shortest dimension in the plasma
and k(1) is the absorption coefficient in the line centre. There are many authors
who have developed approximate formulae for the dependence of the escape factor
on the optical thickness of the plasma, usually under the assumption of a Doppler
line profile and cylindrical plasma geometry.

To calculate escape factors the definition of © implied in Eq. (2.32) can be
converted as follows:

O(m) = with 70 = k(1) b. (2.33)

41
Gp,k =1- -—Z——h— / KJk’p()\) L,\()\) dA
Tp Apk WV Jiine (2.34)
1 .
=1-— ex(1 — exp (—kkp(A) b)) dX
Ekp Jline

using the solution of the radiative transport equation (2.28). The population
escape factor is then given by:

Ok = / Py exp 4(—/5,6,1,()\) b) d\ with / PydA=1, (2.35)
line line

in terms of spectral line profile Py. Examples of escape factors for various plasma
profiles and plasma geometries in low temperature plasmas are given in [Beh98]
together with a detailed derivation of the formulae. Figure 2.3 shows escape
factors for hydrogen as a function of the optical thickness in the line centre
k()\o) assuming a Doppler profile, cylindrical plasma geometry and homogeneous
plasma. The position of the escape factors of the Lyman series are indicated for
an atomic hydrogen density of ng = 102 m™3 with a gas temperature 7, = 1 eV
(corresponding to a Doppler width of A\p = 0.01 nm for L) and a radius of
the plasma cylinder of 5 cm. x(\g) is proportional to the number density of the
lower state, in this case ny, the oscillator strength f and the Doppler width:

X fé [umg
(M) _,nl c degme \| 27 kT, (2.36)
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Figure 2.3: Escape factors for a hydrogen plasma with radius b. The positions of the first four

Lyman lines are indicated.

where p is the atomic mass number. It is obvious from Fig. 2.3 that the first lines
of the Lyman series are optically thick (in particular L,) for typical parameters
of low density plasmas. This may have consequences for population densities of
higher levels too. For a quantification CR-modeling is required.

As discussed in Sec. 2.2.3 the consequences of repopulating processes can be
taken into account by introducing effective rate coefficients, and this can be done
for reabsorption as well. Correction factors K s will be introduced here to correct
the optically thin effective emission rate coefficients for the influence of opacity.
These factors depend on the specific emission line, T, ne, n1, T, i.e. the set of
parameters described in this section. |

For convenience, important radiative quantities are summarized in Tab. 2.1.

name symbol unit

radiant flux o W

intensity I W /st

radiance L W / m? /st

spectral radiance Ly(\) W /m? / nm / st
L,(v) W /m? / Hz / st

radiation density u, =47L, /c Ws/m?/Hz

line emission coefficient | g, = Ny hv/4/m | W / m? [ sr

line radiation N, photons / m® /s

Table 2.1: Compilation of radiative quantities frequently used.

|
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2.3 Modeling of plasma parameters

To calculate plasma parameters several approaches can be used: plasmas can be
described as fluids (fluid theory) or plasma as particles (kinetic theory); pure
hydrodynamic models or hybrid models can be used. The choice depends on the
type of plasma, on the parameters which are to be predicted and on whether or not
a self-consistent solution is required. The following sections describe briefly some
useful balance equations which are applicable to low pressure, low temperature
plasmas (technical plasmas) and which complement experimental diagnostics.

2.3.1 Particle balance and confinement times: particle
densities

Plasma processing often requires a specified particle density for optimizing films.
Since, in most cases direct measurements of radical densities produced by electron
impact dissociation or heavy particle collisions is not trivial, the densities of
dissociation products are calculated and then compared with selected densities

accessible to measurements. Prominent examples are methane plasmas producing

diamond-like coatings or silane plasmas for amorphous or crystalline silicon films.
Here, the important point is the question of the dominant species: are the CHj
or CH, densities substantial for film growing? Density calculations can give an
answer for most species in these plasmas under various conditions but do not
describe, in the first step, the surface physics, in particular the interaction of
plasmas with the surface produced.

Particle densities in a plasma can be obtained from a particle balance assuming
a stationary state in which the production of particles must be equal to the
integral losses. Volume losses are assumed to be negligible. Furthermore, it is
assumed that the shape of spatial profiles does not change. Losses of particle
species k with density ny can be characterized by an average confinement time
7w, which represents the mean residence time of particles in the plasma volume
and is described in detail in the next paragraphs. Each particle species, i.e. the
volume averaged density, is then given by a balance equation of the form:

Tk T Te Z Rypir 1p + Z Rpgier ip g

P D,q
p<q
— TN N § Rlc;rs — N E Rkp;rs Ny (237)
T7S plrls
r<s r<s
Tk
——=0.
Tk

The first source term is the gas flow j; of species k per unit volume. Particles
of species k are produced by electron impact processes from the educt species
p with rate coefficient R, and by heavy particle collisions of species p and ¢
with rate coefficient R,k Particles are lost by electron impact reactions of
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Figure 2.4: Electron impact dissociation cross sections for CHy, SiHy and CyHg, SixHs
[PSR*82].

species k producing particles of species 7 and s (rate coefficient Ry,;) and by
heavy particle collisions of species k with species p (rate coefficient Ryprs). Rate
coefficients for electron impact processes depend on electron temperature, whereas
gas temperature is relevant for heavy particle collisions.

The number of equations depends on the number of radicals resulting from
dissociation or formation. The reaction chains and, in particular, the rate coeffi-
cients of each process have to be known. Because of the large number of reactions,
especially in the case of reactive species, data have to be compiled, critically re-
viewed and, completed by scaling laws. The selection criteria for considering a
specific reaction in the model are the absolute value of the number densities of the
species involved and the values of the reaction rates. Additionally, if metastable
states are involved, e.g. in mixtures with noble gases He or Ar, their densities have
to be treated individually and Penning reactions have to be considered, increasing
ionization or dissociation. Figure 2.4 gives an example for total dissociation cross
section of CHy, SiH, and CyHg, SioHg by electron impact. Higher hydrocarbons
or silanes are produced in methane or silane plasmas, respectively. A compari-
son of methane and silane plasmas on the basis of the dissociation cross sections
gives higher dissociation of silane plasmas than methane plasmas at comparable
densities and temperatures. Since rate coefficients are based on cross sections,
the knowledge of the EEDF is essential; it is normally assumed to be Maxwellian.
Further input data are T, m., 7 which can be either calculated by additional
formulae (described in the next paragraphs) or are known from measurements as
is usually the case for T, and j.

In addition, the plasma quasineutrality yields that the sum over all ion densi-
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ties is equal to the electron density. In some plasmas the production of negative
“ions may play a role, e.g. Hy — H™ or CFy — C.F,, and has to be considered in
the calculations.

The relation between the pressure in the plasma chamber and the neutral
particle densities is given by Dalton’s law:

p=n,kT, and 'nn:an. (2.38)
k

The partial pressure of ions and electrons can be neglected in low temperature
plasmas because of their low densities.

Collision and diffusion parameters
Random collisions of particles, e.g electrons with neutrals, are expressed by the
collision parameter, i.e. the mean free path:

Am = . (2.39)

The cross section o describes the probability of momentum loss. The mean time
between collisions 7,,, for particles of velocity v is given by:

T = — . (2.40)

Now, assuming a Maxwell velocity distribution the collision frequency v is then
y = n, 50, whereas the mean frequency of collisions is given by 7! =n,owv.

The motion of particles in a plasma caused by a density gradient is described
by diffusion, i.e. Fick’s law, in which the net flux from dense plasma regions to less
dense regions (e.g. the wall of a reactor chamber) occurs because more particles
starts in the dense region. The transport coefficient is the diffusion coefficient
D,. It is assumed that there is no additional electrical and magnetic field and
plasma waves are also neglected.

The confinement time is the mean residence time of particles in the plasma

volume and is given by the diffusion length A and the diffusion coefficient:

_ N
Dy

Tk

(2.41)

The diffusion length is a characteristic of the plasma geometry. In case of diffusion
in a cylinder of radius R and length H one finds:

1 [2405)° L ? (2.42)
AZ R H) "’ '
which contains the first zero of the zero order Bessel function, which occurs in

the solution of the differential equation for diffusion in a infinitely long cylinder.
Particles leaving the plasma by diffusion will be adsorbed at the surfaces which
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means the sticking coefficient is s = 1. Calculations of confinement times or
diffusion lengths depending also on plasma geometry have been carried out by
[M6193] and [Cha87] including formulae for s < 1. A simple approach is carried
out by introducing a extrapolation length I, scaled with the characteristic length
of the plasma chamber [, (volume to surface ratio):

2 2—s5 .

(A)? = A2 +1oly and lo=3m

The overall confinement time is calculated from the diffusion time of the par-
ticles and the confinement time due to the pumping gas flow 7:

111
== +=. (2.44)
T Taiff  Tp

(2.43)

Strictly speaking, one has to distinguish between the type of particle flow,
which depends on the pressure. Diffusion is characterized by A, < lg, i.e. particle
collisions dominate and one has a laminar flow. Molecular flow occurs if A, >[4,
i.e. wall collisions dominate. This condition is especially fulfilled at very low
pressures. The range between is described by the Knudsen number. A simple
approximation for the range between is an interpolation: 1/7 = 1/Tjam + 1/Tmor.

Confinement times of neutral particles
The diffusion coefficient of neutral particles D,, (diffusion of species 1 in species
2) can be calculated by applying the hard-sphere model [HCB64] which gives:

3w 1 my -+ My
D=2t - kT, A2 9.45
8 (n1 + ng) 01,2 g 2777,1 meo ( )

using the averaged cross section of the two species with diameter d; and do:

019 = 7/2(d1 + dg). The confinement time is then given by Eq. (2.41). Each
particle species has its own confinement time depending on the background gas.
Additionally, sticking coefficients for the individual species can be taken into
account. They vary in a wide range between 107% and 1.

In case of molecular flow the confinement time is given by:

g 8kT,
T=— with vy = g
Ugh T My

(2.46)

which is the ratio of the characteristic length to the mean velocity of the particles.

Confinement times of charged particles
Due to the quasineutrality of the plasma the diffusion rates for electrons and ions
should be equal. Since electrons are much faster than ions they cause a electrical
field which accelerates the ions until the flux is ambipolar. In weakly ionized
plasmas with T, > T;(= T,), the diffusion coefficient for ambipolar diffusion D,
is dominated by the diffusion of the slower ions and the temperature ratio [TL29]:

T, 3ar T, 1 m; + My,

D,==D;=— — kT, .
T, 8 Ty nnoin 9 2m; mn,

(2.47)
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;5 1s the cross section of the ions for diffusion against the neutral particles and
may be influenced by resonant charge exchange. Therefore, data from mobil-
ity measurements, which include this effect, have to be used. Furthermore, the
composition of the ion species has to be taken into account.

The sticking coefficient of charged particles is unity, because of recombination
at the chamber walls.

If collisions are negligible, 7 can be calculated as follows:

A 2kT,
T=— with v;= . (2.48)
Ui m;

The ion loss length A; again depends on plasma geometry [TL29, M6193].

For completeness, some restrictions concerning the confinement times must
be mentioned. First, the requirement of quasineutrality is not fulfilled within
the length of the Debye shield. If the dimensions of a system are much larger
than the Debye length (Ap = +/€0k e/ (n.e?)) the ions are shielded by the
electrons. In low temperature plasmas the typical Debye lengths are between 1
pm and 1 mm and are smaller than reactor dimensions. Next, the sheath near the
wall should be considered. Since the walls of the reactor chamber are negatively
charged with respect to the plasma, a space charge develops in front of them
with a sheath potential of the order of 3%k7T,. The dimension of the sheath is
characterized by the sheath length. The formulae introduced above neglect the
sheath potential and its dependence on, e.g. the excitation frequency. If magnetic
fields are present, electrons and ions follow the field lines by cyclotron gyration.
As a consequence drifts occur, depending on the direction with respect to the
field lines.

Comparing confinement times of neutrals with those of charged particles in
low pressure plasmas one finds typically that electron confinement times are three
orders of magnitude lower and in the range of some ps.

2.3.2 Tonization balance: electron temperature

A simplification of the complete particle balance equation can be made in order
to obtain the electron temperature. It is assumed that ions are produced by
electron impact from the ground state of the neutral gas and that they are lost
by diffusion:
T

nineS(Te) = —- (2.49)
In order to consider ionization from excited states, effective ionization rate coef-
fcients can be used instead of the ionization rate of the ground state only. As
discussed above, this can be taken from results of a CR-model. Recombination
is neglected as loss process for the ions because of the assumption of low radia-
tion density and low electron density (justified for most of the low temperature
plasmas) but can be implemented easily. In gas mixtures each species has to be
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Figure 2.5: Electron impact ionization rate coefficients for He, Ar, Hy and SiHy assuming a
Mazwellian EEDF.

taken into account. In the case of singly ionized plasmas the ion and electron
densities cancel in Eq. (2.49) and S(T,) (and thus T}) is related to the confine-
ment time of the charged particles. As a consequence, increasing the pressure in a
discharge would decrease the electron temperature due to the higher confinement
time, i.e. lower ion losses. Furthermore, comparing ionization rates, one would
expect lower T, for gases with higher ionization rates which are related to lower
ionization energies.

Figure 2.5 gives examples for ionization rates of He, Ar, Hy and SiH, under
the assumption of a Maxwellian EEDF. The first three are calculated using the
Lotz formulae ([Lot67]) whereas the total ionization rate of silane is taken from
[CHRG84]. The highest T, is expected for a pure helium plasma with decreasing
values for the other gases in the same order as the ionization rates increase.
Furthermore, it can be estimated that mixtures of hydrogen and helium have a
higher 7T, in comparison to pure hydrogen plasmas, whereas mixtures of hydrogen
and silane will have a lower 7.. Precise calculations for T, in plasmas can either be
compared with measurements or used as input data for self-consistent modeling,
e.g. to calculate particle densities from a particle balance.

2.3.3 Power balance or electrical conductivity: electron
density

In general the electron density can be calculated by a power balance. For this
purpose the power absorbed in the plasma has to be known. Depending on the
type of power supply the absorbed plasma power is not the generator output
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power because of power losses at coils etc.. Therefore, power measurements or
calculations have to be carried out and are not trivial for, e.g., RF discharges.
One of the advantages of DC plasmas is an easy accessibility to the discharge
current and voltage so that Ohm’s law can be used to get electron densities.

Power balance

If the power absorbed within the plasma is known, the electron density can be
calculated from a power balance. For simplification, sheaths before electrodes
will be neglected in the following. In the bulk plasma the majority of power
~ is consumed by inelastic collisions, i.e. excitation, ionization and dissociation.
Losses transferred to the neutrals by elastic collisions (and therefore increasing
the gas temperature) or losses to the walls play a minor role. The balance is then
given by:

Pabs = T valasma Z > <Sk Ez + Z Xp,k Ep,k + Z Y;',k Er,k) . (250)
k D T

n. represents in this case the mean electron energy in the bulk plasma with the
plasma volume Vjjgsma- The first term describes the energy losses due to ioniza-
tion of species k with ionization energy FE;, the next term describes excitation
for the different excitation possibilities with excitation energy E,; and the last
term is the energy loss due to dissociation in species r with energy FE,; each
with its corresponding rate coefficient. In molecular gases vibrational excitation
occurs and may dominate the whole energy balance. Because of the low energy
threshold for vibrational excitation these rate coefficients are almost independent
of T}, whereas electronic excitation or ionization show steep dependencies of T in
temperature range of one to several eV which is considered here.

The relation between electron density and absorbed power Eq. (2.50) shows a
proportional increase of n, with the power absorbed in the plasma and a decrease
with an increase of particle density, i.e. discharge pressure. If the plasma volume
is smaller than the reactor chamber an increase of input power may lead to a
plasma expansion whereas n, remains constant. A further parameter in the energy
balance is 7, implied in the rate coefficients. Finally, it should be mentioned
that the set of reactions which contribute to the energy balance is complex, in
particular in molecular gas mixtures.

Electrical conductivity -
The electrical current density 7 in a plasma can be derived from the drift velocity
vy of the charged particles:

J=Jit Je = €Ni V4 — ENe Vg, R —ENe Vg, (2.51)

Since vy, < vg, the current is dominated by the electrons. The ions are treated as
fixed particles in space in comparison to the electrons. Using the relation between
drift velocity and electron mobility vg, = be e together with Ohm’s law one gets:

e2n,

j = Oel Eel = €Tl be Eel = Eel ) (252)

eve
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where the electrical field strength is E,; and the electrical conductivity of the
plasma is o,;. The electron mobility is correlated to the mean collision frequency
by b, = e/me/v.. In fully ionized plasmas the collision frequency is determined
by collisions between ions and electrons and Spitzer’s formula has to be used. In
weakly ionized plasmas, which will be considered here, collisions between electrons
and neutrals are dominant. Therefore, the Ramsauer cross section should be used.
The book of Brown [Bro61] compiles data for these cross sections and electron
mobilities for a variety of gases.

In case of DC discharges the formula can be used for the determination of
electron density by measuring the electrical current and voltage. Since sheath
effect have been neglected, Eq. (2.52) holds for the positive column of a glow
discharge, which means the electrical field strength without electrode falls has
to be known. Increasing the current of a discharge would enhance the electron
density, whereas an increase of pressure leads to decrease of n.. In general, one
obtains a mean electron density but by assuming a density profile, for instance
cylindrical symmetry, the density on the axis of the cylinder can be calculated
using Bessel functions.

2.3.4 Boltzmann equation: EEDF

The electron energy distribution function (EEDF) can be theoretically deter-
mined by using the kinetic theory of plasmas. Detailed analysis of kinetic theory
can be found in many textbooks, e.g [Che74] gives an introduction, whereas
[SJB66] or [GZS80] are an advanced level. Applications to low temperature plas-
mas are given in [KT98, FL0O] together with a short summary of the theory.
In the following, the basic equations and assumptions necessary for calculating
EEDF in low temperature plasmas will be sketched very briefly.

In plasma kinetics the distribution of each species satisfies, in general, the
Boltzmann equation. Since low temperature plasmas are collisional plasmas
with a low degree of ionization, binary collisions between electrons and heavy
particles are the dominant mechanism for particle-particle interactions. The
electron distribution function F(r,v,t) describes the density of electrons in the
six-dimensional phase space r,v, i.e. [ Fd*v = ne(r,t), which is consequently
determined by the Boltzmann equation:

oF el oF

5%‘ + Vr(vF) - vv(’r—n—eF) - <E'> ] . (253)
The temporal evolution of the EEDF is due to fluxes in coordinate space and
in velocity space (left hand side) as well as influences of collisions (right hand
side). Fluxes in coordinate space may be caused by spatial inhomogeneities,
i.e. density gradients. In the case of magnetized plasmas the Lorentz force also
has to be considered in the third term. The collision term includes all kind of
electron—heavy particle collisions, such as elastic, excitation and ionization colli-
sions. Equation (2.53) is usually solved by expanding F in spherical harmonics
in velocity space and a Fourier series in time. Under the assumption of a mainly
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isotropic EEDF (which requires not too high electrical field strengths and fre-
quent elastic collisions) and assuming that a small anisotropy can be expressed
with sufficient accuracy by the first order correction, one derives the so—called
two term approximation:

F(x,v,1) = Fy(r,v,t) + —F1(r,0,t) . (2.54)
v

In the next step, the total electrical field is assumed to consists of a stationary
field (the dc space—charge field E,) and an applied RF field of frequency w with
complex amplitude E,: E = E; + E, exp(iwt). The limit w = 0 represents
an applied DC field. Additionally, the temporal dependence of the distribution
“function is assumed to be the same as the electrical field. The problem is further
simplified by assuming a time independent isotropic part of the EEDF, which is
satisfied trivially for DC plasmas but not for RF plasmas. This requires a RF
frequency higher than the energy relaxation frequency, the rate of energy change
due to elastic and inelastic collisions. Equation (2.54) then becomes:

F(r,v,t) ~ Fyo(r,v) + -;i (Fio(r,v) +Fqi1(r,v) exp(iwt)) . (2.55)

Inserting (2.55) into (2.53) one obtains one scalar and two vector equations which
then yield a kinetic equation for the isotropic part of the EEDE (Fp):
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The terms in Fp describe the usual spatial diffusion of electrons, the mobility
flux of electrons in the space—charge field, diffusion cooling, and the heating due
to the stationary and the oscillatory electrical fields. The expressions for the
collision terms can be found in standard literature. The heating by the RF field
is represented by an effective field strength:

By(x)  tm(®)
Vi (A0 + A7

This emphasizes the importance of collisions with frequency v, for momentum
transfer. Without collisions the electrons oscillate in the electrical field with a
phase delay of /2 (due to their inertia) without gaining energy. Collisions disturb
this phase correlation and can thus lead to an energy diffusion.

Solving the kinetic equation for the isotropic part (Eq. (2.56)) is still compli-
cated and a number of approaches to this problem have been proposed. The most
popular approaches are the local or the nonlocal approach. For the purpose of
calculating EEDFs in low pressure discharges, which are spatially homogeneous
(already assumed in the sections before) the local approach is described further

Eeff(r,v) =

(2.57)
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on. The local approach supposes that the EEDF at every position is determined
by the local electrical field strength. In this case only a parallel electrical field
component exists and, additionally, the diffusion term vanishes. Frequently the
kinetic energy is used, expressed in volts: u = muv?/(2e), instead of particle
velocity v. The simplified homogeneous Boltzmann equation is then given by:

2 9 [u¥” Ei(r) 13\ OF,
_ i R E2 p m _ 1/2 . .
3me Ou [ Vm ( 1)+ 2 vi+ w2> ou } u G () (2:58)

Because of the possibility of spatially varying electrical field (local approach) the
EEDF may have a spatial dependence. Neglecting any spatial inhomogeneity of
the electron density allows the following separation:

Fo(u,t) = ne(r) fo(u, [ E(x)]) , (2.59)

with the one particle distribution function normalized by:

o (—%) ” /OOO Folu, | E(rj N u?du=1. (2.60)

For convenience the factor before the integral is frequently included in the defi-
nition for fy leading to the following normalization:

/Do fo(uw) ut?du = 1. (2.61)

It should be mentioned that the validity of the local model must be checked for
each individual discharge, in particular, in RF discharges, where nonlocal effects
like oscillating sheath boundaries may be dominant.

Cross sections are needed for input data: cross sections for momentum trans-

fer, elastic collisions, and inelastic collisions such as excitation or ionization and in
case of molecules vibrational (rotational) excitation. For each gas, the dominant
excitation mechanisms have to be selected to represent the variety of excitations,
i.e. ground state excitation into the first excited states and can be combined into
one effective cross section. In case of rare gases metastable states may also be
important. A further parameter in the calculation is the electrical field strength
in the plasma, which has to be known either from measurements or calculations.
In summary, the EEDF is characterized by the generator frequency, the electrical
field strength, the neutral gas density (often combined to the parameter £ /nq,
the reduced electrical field strength), the electron density and the gas itself.

2.4 Experiments

Low temperature plasmas are frequently used for film deposition or etching in
industrial applications. Such technical plasmas can by generated over a wide
parameter range. On the other hand, the boundary layer of controlled fusion

#_;__‘_________J
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experiments may have similar characteristics, so that diagnostics or modeling
developed and checked in technical, laboratory plasmas can be transferred to
these experiments. The great advantage of laboratory plasmas in contrast to
fusion experiments is the possibility of detailed parameter studies together with
simple plasma geometries.

2.4.1 Laboratory plasmas

Technical plasmas are generated at various generator frequencies which divide
the discharges into DC, RF and MW discharges. Depending on the coupling
mechanism, on additional magnetic fields, on pulsed or cw generation, on the
geometry of the plasma etc., the possibilities of plasma sources are manifold.
The most commonly used methods are compiled in the recent paper of Conrads
and Schmidt [CS00], which also refers to further literature.

The discharges used in the underlaying work for diagnostics of hydrogen and
deuterium containing plasmas will be described in the next paragraphs. The
variety of plasma parameters in low pressure plasmas are covered by different
kinds of discharge. This allows investigations over a range of electron densities
from 1016 — —10 m™3, a pressure range of 1—1000 Pa and electron temperatures
between 1 and 5 eV.

Glow discharge

Stationary DC glow discharge plasmas are generated in a water-cooled cylindrical
glass tube with diameter 10 mm and 1 m length, formerly a CO, laser device
(Fig. 2.6). The discharge current can be varied between about 5 and 50 mA,
the pressure range is 100 to 1000 Pa. In order to reduce high voltage problems,
the discharge is electrically split into two circuits with one anode in the middle
of the tube and a hollow cathode at either end. For spectroscopic diagnostics
(end-on measurements) of the plasma region close to the axis, the two hollow
cathodes are displaced sideways several cm from the line of sight. They are
mounted in insulated metal housings, which can be used as probes for electrical
field measurements. By operating only one half of the discharge or the full length
with the anode on one end, proper scaling of the observed light with column
length can be checked proving that it is not significantly disturbed by end effects.
Similarly, by subtracting results for full and half length, the electrical field in the
discharge column is measured without the electrode fall regions. The cathode fall
actually contributes only about 10% to the total voltage (1000 — 4000 V).

The discharge is used for spectroscopic diagnostics and is operated with
various gas mixtures of mainly helium (90%), argon and nitrogen. Hydrogen,
neon and krypton are added occasionally. The plasma parameters are typically:
ne = 10 — 107 m™3, T, = 1 — 3 eV depending on pressure and gas mixture,
whereas T, = 450 K is constant in the investigated range. Due to the low degree
of ionization (= 107%) the EEDF is Druyvesteyn-like and heavy particle collisions
become important.
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Figure 2.6: Ezperimental setup of the DC glow discharge used for spectroscopic diagnostics.

RF discharge
Radio—frequency discharges (f = 13.56 or 27.12 MHz) can be classified as ca-
pacitively or inductively coupled discharges in pulsed or cw mode. A promising
source is the planar inductively coupled plasma (ICP), since electrode sheaths
are small and electrons densities are high in comparison to capacitive plasmas.
Because of the low ion energies combined with high ion flux densities, the simple
possibility to use bias, and the plasma homogeneity above a substrate, this type
of plasma source has become more and more important in industrial applications.

The ICP described here is designed to study plasma wall interactions of Hy/He
or Dy/He plasmas with carbon surfaces. The cylindrical symmetric chamber is
equipped with five flanges for diagnostic purposes (Langmulr probe and optical
emission spectroscopy). The discharge chamber is 150 mm in diameter (d) and 100
mm high (h) as shown in Fig. 2.7. The chamber wall is water cooled. Inductive
coupling is achieved by using three coils above a quartz plate (thickness 10 mm)
at a distance of 7 mm. A grounded Faraday shield is placed between the coils
and the quartz plate in order to avoid capacitive components which might cause
self biasing. An RF generator operating at a frequency of 27.1 MHz can deliver a
maximum power of 300 W. A network consisting of two adjustable capacitors is
used to match the generator output impedance of 50 {2 to the variable impedance
of the plasma. A minimal background pressure of some 10~° mbar is achieved
with a turbo pump system. Typical operating conditions for helium plasmas are
a gas inlet of 20 sccm, a RE generator power of 250 W and a pressure range of
9 — 400 Pa. The substrate (30 x 30 mm) is placed in the centre of the chamber,
defining the origin of the r, z-cylindrical coordinate system as can be seen in Fig.
2.7.

Electron densities obtained in the ICP vary with input power, pressure and
gas mixture and are typically: ne = 5 X 1016 — 10 m=3. T, is between 1.5
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Figure 2.7: Ezperimental setup of the ICP reactor. The positibn of the substrate holder defines

the coordinate system: r— and z—azis.

and 4.5 eV, whereas T, ranges from 450 to 700 K. Depending on pressure the
EEDF is between a Maxwellian and Druyvesteyn distribution. The substrate can
be biased, resulting in (single ionized) ion energies of 5 — 40 eV. The substrate
holder can be actively cooled or heated to cover a temperature range of T =
300 — 1100 K. Instead of the small substrate of 30 x 30 mm in the discharge
centre a substrate of 150 mm in diameter can be placed at different z-coordinates,
replacing the bottom of the chamber. This allows a variation in height of the
chamber. Furthermore, spatially resolved measurements are possible above a
substrate which is completely covered by the plasma along the line of sight.

MW discharge

Microwave discharges excited at a frequency of 2.45 GHz are suitable for producing
large area plasmas with high densities of charged particles. As in RF discharges,
the electromagnetic wave can be coupled to the plasma in different ways. Recent
trends and developments are given, for instance, in [MLI8].

For spectroscopic diagnostics, a linearly extended low pressure plasma device
with high electron density (> 10'" m~?) and an EEDF which is almost Maxwellian
in a wide pressure range (5 — 500 Pa) was built. The surface wave sustained MW
discharge is based on the principle of a Duo-Plasmaline [Rau98]. Figure 2.8
shows the experimental setup with the main components of the Duo—Plasmaline.
In contradiction to common surface wave plasmas where the plasma is produced
within a tube at low pressure surrounded by atmospheric pressure, the inverse
configuration is chosen. The plasma exists outside the dielectric quartz tube in the
vacuum chamber whereas the tube inside is filled with air at atmospheric pressure.
The electromagnetic waves are excited at the ends of the tube and propagate
mainly within the tube along the inner conductor (copper rod) and within the
plasma as radially decaying surface waves. This means the plasma forms the
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Figure 2.8: Ezperimental setup of the Duo—Plasmaline ([Rdu98]) with the copper rod in a
quartz tube under atmospheric pressure. In the vacuum chamber the plasma is the outer con-

ductor of the coazial transmission line.

outer conductor of a coaxial waveguide where the microwave power is consumed.
The axial plasma extension can be controlled by the applied microwave power
and can be increased up to the chamber length. The plasma extension in the
radial direction depends on the pressure and the gas species.

Due to the high input power of max. 1.2 kW per magnetron (cw or pulsed),
the inner tube (d = 30 mm) with the copper rod (d = 8 mm) is cooled by an
air low. The length of the chamber is 70 ¢cm and the plasma length can be
varied between 10 and 50 cm and is homogeneous in this direction. Of course,
in the radial direction the plasma parameters show spatial profiles (cylindrical
symmetry), decaying, from the tube towards the plasma edge. In order to make
diagnostics on the plasma in each direction, diagnostic windows and flanges are
located near the axial ends of the tube and a large window in front of the chamber
allows radially resolved measurements at various lengths.

The plasma parameters in the investigated pressure range of 5 — 500 Pa are
the following: n, = 0.8 — 6 x 10 m™3, T, = 1.5 — 3.5 eV and T, = 500 — 1000
K. The background pressure is around 107% mbar. The input power is typically
some hundred Watts per magnetron (cw) and the plasma length around 40 cm.

ECR discharge

In microwave discharges (f = 2.45 GHz) the electrons can be additionally heated
by using electron cyclotron resonance (ECR) heating. In this case a magnetic
field must be applied with a field strength producing a gyration frequency of
the electrons equal to the microwave frequency (the relation 27 f = e B /m.
yields B = 87.5 mT). Such ECR plasmas operate in a wide pressure range, in
particular at low pressures (down to 0.001 Pa, depending on the input power)
with high electron density which is typically the cutoff density for the microwaves
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Figure 2.9: Ezperimental setup of the ECR discharge. The magnetic rows (90° view) produce
the resonance magnetic field strength of 87.5 mT at approz. 1 cm above the bottom plate.

propagating in the plasma (n¢“°/f = (27 f)2 m.go/e* = 7.6 x 10'® m™?).

The experiment used for diagnostics is shown in Fig. 2.9. The maximum
generator microwave power is 100 W supplied by a magnetron source at the
usual frequency of 2.45 GHz. The microwave power was fed into the reactor
via a coaxial transmission line and a rod antenna. The reactor consisted of an
upright cylinder divided by a glass plate to separate the vacuum chamber from
microwave input coupling. The reactor was designed to act as a resonator for the
H,; mode of the microwave. The top plate could be adjusted to tune the cavity.
The resonator is divided in an atmospheric part with the coupling antenna, and
the vacuum chamber, by a dielectric window. Below the base plate two rows of
cobalt samarium magnets are installed to generate an inhomogeneous magnetic
field with field lines perpendicular to the electrical field vector of the microwave.
In the plasma reactor above the base plate at about 10 mm distance from each
pole of the magnets the magnetic field strength is 87.5 mT corresponding to
the electron cyclotron resonance frequency of 2.45 GHz. Therefore, plasmas are
preferentially produced and heated in this region and expand by diffusion and
drifts in the inhomogeneous magnetic field. The plasma can be observed through
four diagnostic flanges which are located symmetrically around the plasma with
lines of sight parallel or perpendicular to the magnetic rows. The centre of the
diagnostic windows is 30 mm above the bottom plate, so that the magnetic field
strength can be neglected here. The particle motion is dominated by diffusion
which justifies the assumption of homogeneous plasma parameters in this region.
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The plasma volume is 200 — 400 cm ™3 depending on pressure p = 2 — 20 Pa,
and gas mixture. The plasma is not limited by the chamber walls (except the
bottom plate) and can therefore change the size with input power whereas the
electron density remains constant. Since the plasma dimensions are comparable
to the vacuum wavelength of the microwave (A = 12 cm), the electron density
can be higher than the cutoff density and is determined to be n, = 107 m=3.
Electron temperature varies between 1.5 and 4.5 eV, whereas gas temperature
is 450 K. Due to the ionization degree of 107° — 1074, the EEDF is close to a
Maxwellian distribution.

2.4.2 Edge plasmas in fusion experiments

Fusion experiments in the whole world are engaged to reproduce the energy pro-
duction process occurring on the sun. A fusion power plant will derive energy
from the fusion of atomic nuclei. To ignite the fusion fire, the plasma, com-
posed of the hydrogen isotopes, deuterium and tritium has to be confined in
magnetic fields and heated to temperatures of over 10 keV. Experiments are car-
ried out with the isotopes hydrogen and deuterium in order to study the plasma
physics principles: confinement of high-temperature hydrogen plasmas in mag-
netic fields, heating and refuelling, plasma diagnostics, magnetic field technology,
electrical and electronic engineering, data acquisition and processing, systems
studies, plasma theory and plasma—-wall interaction. For magnetic confinement
two torus configurations are favoured: the tokamak and the stellerator principle.
At the moment the largest machine is the JET project in Culham (England)
whereas in Germany (Garching near Munich) both types of fusion experiments
are running: the ASDEX Upgrade tokamak and the WENDELSTEIN 7-AS stel-
larator. For details of magnetic confinement and experimental status the reader
should refer to standard literature, e.g. [Che74, Sch93, Wes87] or Summer Uni-
versity Lectures on plasma physics summarized, e.g., in [ZB95]. '
One of the main topics is fusion experiments is the interaction between the
hot fuel and the confining walls (in most cases carbon, i.e. graphite). The plasma
sheath between the bulk plasma and the walls is called the scrape—off or boundary
layer separated by the last closed magnetic flux surface. The plasma wall interac-
tion can be concentrated on so—called limiters, which is one of the possibilities to
control the particle fluxes to surfaces. By using a specially designed magnetic field
configuration the charged particles are directed to a divertor, which is the more
promising concept. In the divertor the incident particles (already cooled down)
are deposited on the collector plates and are pumped off. Figure 2.10 shows a
poloidal cross section of the ASDEX Upgrade tokamak (Axially Symmetric Di-
vertor EXperiment). In divertor machines the last closed flux surface is called
the separatrix. To reach the high plasma temperatures in the core the plasma
heating consist of up to 20 MW neutral beam injection of atomic hydrogen or
deuterium and 6 MW of RF heating. The neutral beams of the two injectors
are injected through two large ports. The magnetic field is maximal 3.9 T, the
plasma current is 2 MA and the pulse length is about 10 ms. The plasmas are
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Figure 2.10: Poloidal cross section of the ASDEX Upgrade tokamak (torus radius R = 1.6 m,
minor radius v = 0.5 — 0.8 m). Selected regions are indicated in common terms. Short arrows

show the direction of particle transport.

investigated with about 40 diagnostics.

Since the results presented in this report are based on measurements at the
ASDEX Upgrade divertor, only the divertor concept-will be described further.
Nevertheless, the principles and, in particular, the interpretation of emission spec-
troscopy data can be transferred to most of the boundary layer plasmas, such as
limiter machines (for instance TEXTOR-94, a tokamak in Jiilich designed for
detailed study on plasma wall interaction). The recent textbook of Stangeby
[Sta00a] gives a comprehensive overview of the physics of the plasma boundary
regions in magnetically confined fusion plasmas.

Divertor concept

The design of a divertor is based on the formation of a cold, dense plasma in the
divertor chamber, and the distribution of power over a large area. In the dynamic
gas target divertor, radiation from hydrogen or impurities results in a transfer
of energy from the plasma in the divertor to the walls of the chamber. Charge
exchange collisions with neutrals that recycle in the divertor channels reduce ion
momentum. This causes a reduction of the pressure in front of the target plates
and a reduction of the ion flux to the plates. Thus leads to typical temperatures
of about 5 eV and particle densities of 10*° to 10% m™ in the divertor.
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The divertor can operate in different recycling regimes, which are not strictly
separated. There is a low recycling regime, a high recycling regime (both at-
tached regimes) and detachment. A transition from one regime to the other can
be achieved, in principle, by increasing the plasma density in the midplane (up-
stream in the chamber) at constant heating power. In the attached regimes the
plasma recombines at the target or in a small layer before the target. Momen-
tum, energy and particles reach the target almost directly. In the low recycling
regime the target temperature is approximately the upstream temperature and
the target density is proportional to the upstream density in the scrape—off layer.
Therefore, this is called a linear regime. Increasing the midplane density increases

the upstream density whereas the upstream temperature decreases. This results

in the same behaviour for the target parameters, but the relation is no longer
one of proportionality. A further increase of the upstream density results in very
low target temperatures (< 5 eV). In this temperature range the ionization rate
of hydrogen strongly decreases and neutral processes, i.e. elastic and ion conver-
sion collisions become important. In addition, the rate coefficient for hydrogen
recombination (three-body and radiative recombination) increases and volume
recombination occurs. As a consequence, the target load is reduced. This is the
- detached divertor regime, characterized by very low temperature and high density.
For detailed physics of the regimes see [Sta00a]. Because of the low temperature
in divertor plasmas, they are similar to those of low pressure laboratory plasmas
and some properties can be transferred. The high electron densities, however,
justify the assumption of a Maxwellian EEDEF.

To analyse physical mechanism or extrapolate to future machines with chang-
ing divertor geometries and parameters, boundary layer codes have been devel-
oped and validated by present experiments. The B2-EIRENE code is a two
dimensional many—particle fluid-code B2 [Bra87] for the boundary layer com-
bined with a three dimensional neutral particle code EIRENE [Rei92] based on
Monte—Carlo simulations. Iterative runs allow self-consistent modeling of neutral
particles and plasma particles in the scrape—off layer and in the divertor region.
The numerical grid is fitted to the chamber geometry. B2-EIRENE is the stan-
dard code used for ASDEX Upgrade (see for instance [SRZ92, CSN*97]).

For divertor diagnostics a variety of methods are commonly used, e.g. Lang-
muir probes installed in the targets or divertor spectroscopy. The results to
be presented here are based on spectroscopic measurements using divertor spec-
troscopy and code calculations. Therefore, the lines of sight (LOS) in the divertor
and the divertor geometry, the so—called LYRA divertor of ASDEX Upgrade, are
shown in a poloidal cross section in Fig. 2.11 together with the numerical grid
of the B2-EIRENE code, the separatrix and the X-point. The LOS are num-
bered and divided into the inner (RIV, ZIV) and outer divertor (ROV, ZOV):
R = radial view, Z = view in z—direction. They are installed in two sections of
the torus distinguished by a V or N in the name. The s—coordinate denotes the
length along the target plate. R and z are the major radius and the height of the

torus.
In summary, the plasma parameters in divertors range from T; ~ 0.5 — 20 eV
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Figure 2.11: Poloidal view of the LYRA divertor of ASDEX Upgrade together with the lines
of sight (LOS) from divertor spectroscopy and the numerical grid of the B2~EIRENE code.

at electron density of n. ~ 10?* — 10'® m™2 for completely detached or attached
plasmas, respectively. The dominant ion species is H* (D), the dominant neutral
particle is H (D). Atomic hydrogen fluxes are in the range of some 10> m~2 s~

ion fluxes are around 10%! m~2 s™1.
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Chapter 3

Diagnostic Methods

Diagnostic methods of plasmas can be divided in two groups: active and passive
diagnostics. The first group interferes the plasma, by, e.g., probes or radiation,
whereas passive diagnostics use signals from the plasma itself. Furthermore, it has
to be distinguished between spatially resolved and line integrated measurements
as well as time resolved and steady state measurements. For an overview of the
variety of diagnostic methods see [Hut87, AF89, Jan92]. Active laser diagnostic
methods are becoming more and more important in low temperature plasmas be-
cause of the advantage of a clear interpretation of the measured results. However,
the experimental setup is very expensive and sensitive. A description of recent
laser methods and their applications can be found in [KU00, DCGO0]. For the
understanding of plasma processes in detail a combination of these methods have
to be used, often complemented by plasma modeling. An easy handled diagnostic
method is the emission spectroscopy of plasmas, preferably in the visible spectral
range. However, interpretation of spectra can be very complex due to the amount
of information included. The radiation can be related easily to changes in plasma
parameters, but the more plasma parameters are known the simpler quantitative
diagnostics become. Therefore, after an introduction of the principle methods of
emission spectroscopy, a description of the the supplementary diagnostic methods
used in laboratory plasmas follows. Thus, the interpretation of spectra can be
checked and confirmed by systematic studies in these plasmas and is applied to
divertor plasmas, to complement the standard diagnostics.

3.1 Emission spectroscopy

Optical emission spectroscopy is a powerful tool for detecting a variety of plasma
parameters. The method makes use of the light emitted by the plasma and is
therefore non—inversive. Due to the easy handling of the diagnostic system it
is applied almost everywhere. Low cost systems are used for detecting impuri-
ties in plasmas or as monitoring systems controlling the plasma stability by line
intensities. The intensity of spectral lines contains information about electron

...
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density, electron temperature, particle density whereas the line profile is corre-
lated to neutral particle or ion temperature (if no other broadening mechanism
is present). An overview of applications can be found in standard literature, e.g.
[Gri64, LH68, AF89, TLJ99].

The methods of emission spectroscopy can be divided into two groups. The
first one is based on relative measurements, i.e. changes in intensity of one or more
lines simultaneously. Here, only a wavelength calibration is required which can be
supported by a relative calibration of the sensitivity of the optical system over the
investigated wavelength range. A common method for detecting radical densities
in technical plasmas, e.g. atomic hydrogen density, is the so—called actinometry
by a gas with known particle density. Assuming a corona equilibrium for the
population of the electronic states, the ratio of both line intensities depends only
on T, and the densities (Eq. (2.22)). Using a gas with similar excitation energy,
e.g. argon, and similar shape of the cross section, e.g. optical allowed, the ratio of
the rate coefficients is almost constant. As a consequence, T, must not be known
precisely. In a similar manner T, can be observed by using the ratio of two lines
originating from two gases with different excitation energies and different shape
of cross section. An example is the He-line at 667.81 nm and the Ar-line at
667.73 nm. Here, a relative calibration is not necessary because the lines are
very close together. If the argon line increases in comparison to the helium line
T, decreases and the other way round. It is also possible to use line ratios of a
single gas depending on T,, which is, in the case of helium, a line of the singlet
system and a line of the triplet system. Applying a CR-model, line ratios will
also depend on n, and the ratio of lines from the same multiplet system would
yield me.

The second method is based on the evaluation of absolute line intensities,
which implies the method of relative measurements. In the following sections the
calibration of the optical systems is described together with the optical systems
themselves and their possibilities for measuring plasma parameters. It should be
mentioned, that in technical plasmas the most lines arise from neutral particles
which is due to the low temperature and the low ionization degree. Therefore it
is difficult to obtain information about ions.

3.1.1 Absolute intensity calibration of the optical systems

Since each of the experiments described in Sec. 2.4 is equipped with its own
spectroscopic system the calibration procedure of systems with photomultiplier
as well as CCD camera or ICCD camera (Intensified CCD) in the wavelength
range from 120 nm to 900 nm will be described. The imaging by fibre optics or
lens system belong also to the optical system. In principle, intensity calibration
is carried out with a light source of known radiance, which is in the visible range
either a tungsten ribbon lamp or an Ulbrecht sphere.

In the case of an imaging lens system the solid angle is limited by an aperture
before the entrance slit of the spectrometer. Using fibre optics it has to be guar-
anteed that an additional aperture limits the solid angle. The tungsten ribbon
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lamp is placed instead of the plasma. Since the plasma image is often reduced,
the notch of the ribbon, which denotes the calibrated area, is too small to get a
precise image at the entrance slit. Therefore it is more convenient to have a 1:1
image by moving the lens, however the same solid angle has to be guaranteed.
For calibrating a spectrometer with photomultiplier the radiance of the source
is measured depending on wavelength and then compared with the radiation of
the grey radiator at the black body temperature. This yields the sensitivity of
the optical system. Since the signals are weak below 400 nm stray light may be
important and a substraction method, recording signals with and without band-
pass filters is used. For wavelengths above 510 nm a permanent bandpass filter
(490 nm) suppresses the second order of the grating. For CCD cameras or ICCD
cameras, a small pixel area in the centre of the chip is calibrated with this tech-
nique. The whole area of the chip is then relatively calibrated to the centre by
homogeneous illumination which is achieved with an enlarged image of the tung-
sten band lamp. ICCD cameras may have an inhomogeneous photolayer which
cause an additional wavelength dependency. A detailed description of calibrating
such cameras is given in [Heg98, Mei00]. Comparing the CCD or ICCD camera
with photomultiplier tubes, the cameras allow spatially and time resolved mea-
surements. Spectrometers of divertor spectroscopy in ASDEX Upgrade equipped

with CCD or ICCD cameras and fibre optics are calibrated in the same manner

by an Ulbrecht sphere.

The ECR plasma experiment is equipped with an VUV /UV spectrometer
which uses the same line of sight as the visible spectrometer. The spectrome-
ter is evacuated to a background pressure of 10~7 mbar by differential pumping
through an aperture, which limits also the solid angle. The detector is a solar—
blind photomultiplier tube. Relative calibration was carried out by using the
continuum radiation of a calibrated deuterium lamp (190 to 400 nm) whereas
the absolute value was taken from helium lines in a helium plasmas around 300
nm detectable with either spectrometer [Mei00]. Since the VUV /UV spectrom-
eter works without lens systems, the whole plasma is observed. For comparing
results, space resolved signals from the ICCD camera have been averaged over
the plasma volume. The wavelength range down to 120 nm was calibrated by
applying the branching ratio method to molecular nitrogen bands in a nitrogen
plasma [Mum72], i.e. the Lyman-Birge-Hopfield series.

All spectroscopic systems have an apparatus profile with a half width broader
than the half width of a Doppler profile with gas temperature being slightly
higher than room temperature (=~ 500 K). The profiles are always dominated by
the apparatus profile and are not suitable for deriving plasma parameters in the
investigated laboratory experiments.

3.1.2 Electron temperature, EEDF and particle densities

Measured radiation of atomic lines or molecular bands is related to the plasma pa-
rameters by the corona model or by CR—models (Sec. 2.2). The starting equation
is Eq. (2.22) by using effective emission rate coefficients (Eq. (2.24)) to imply re-
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Figure 3.1: Effective rate coefficients for the He-line at 728 nm calculated with Fujimoto’s
CR-model and the ADAS code package as well as the rate coefficient for ground state ezcitation

(corona model).

sults from CR-calculations. For convenience, the combined equation is repeated
here:

Npj = nine X (Teyme, . ) - (3.1)
Depending on the plasma parameters known from other diagnostics, the remain-
ing parameters can be determined from emission spectroscopy. Since rate coef-
ficients show in the majority of cases a steep dependence on T, the radiation is
very sensitive on this parameter. Additionally, in the present case, T, can be mea-
sured with Langmuir probes. However, they are not very accurate in determining
T, whereas n, is measured more precise with probes (Sec. 3.4). Supplementary,
line of sight integrated n. can be determined by microwave interferometry. On
the other hand, if T, and n, are well-known, particle densities can be measured
which is relevant in the case of radical densities.

Precise electron temperature measurements from line intensities require the
knowledge of the effective rate coefficients. The simpler the atomic or molecular
structure, the easier is the construction and usage of a CR-model. Therefore,
helium is chosen as diagnostic gas in laboratory plasmas, in particular the He-
line at 728 nm. Additionally, this gas is used as buffer gas in order to vary actively
the electron temperature in mixtures with hydrogen or deuterium. For helium
two CR—models can be used, the one of Fujimoto [Fuj79a] which was improved by
implementing a new data set [Fuj95] or, alternatively, the ADAS (Atomic Data
and Analysis Structure) code package [Sum99]. This code package is developed
originally for astrophysics and fusion plasmas providing data for atomic elements
in each ionization stage. For helium a complete and revised data set exists, which
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Figure 3.2: Argon cross sections for excitation from the ground state and cascading into the
2p1 and 2ps states together with the apparent cross section for these states [CBSL98].

is also based on the new data implemented in Fujimoto’s code. In particular, cross
sections calculated with the R—matrix method are used, which provides accurate
values close to the threshold energy [HHKS92]. Both CR-models implies the
possibility to calculate populations of optical thick plasmas. However, Fujimoto
uses the approximation for high opacity and would therefore overvalue the optical
thickness of resonance lines. In the case of the ADAS code, the escape factors
are calculated by an additional computer program which allows the adaptation
to the individual experiment [Beh98, BF00]. Figure 3.1 shows the effective rate
coefficients for the 728 nm line (315 — 2P transition) for n, = 10’ m™ in the
optically thin case calculated with both CR-models. For this individual emission
line, the effective rate coefficients are almost identical. For comparison the rate
coefficient derived from the corona model in its simplest form, i.e. ground state
excitation only, is given. The application of the CR-model yields an enhancement
which results in lower T, at the same line radiance. In the temperature range
relevant for low temperature plasmas, the steep dependence of the rate coefficient
on T, leads to a very sensitive T, diagnostics. '

Argon lines are also used for T,—diagnostics, since this rare gas serves also as
a buffer and diagnostic gas. Because of the remarkable lower threshold energies
of argon lines, of ~ 11.5 eV instead of ~ 21 eV for helium, the T,-dependence
is not as steep as in the case of helium. The problem for argon is the complex
atomic structure and the absence of a complete data set (cross sections) in order
to build a CR-model. Based on a semi-empirical formulae for calculating cross
sections Vléek introduces a CR-model [V1£89, VP89].

Here, for argon the corona model is used to evaluate measured line radia-
tions, which can be improved by considering excitations out of metastable levels
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Figure 3.3: Emission rate coefficients for two argon lines using the apparent cross section
[CBSLY8] or data from [CC81, Beh91]. Additionally, rate coefficients for excitation out of the
metastable argon levels (1s3 and 1ss5) [BPG'99] are shown for the A = 696.5 nm line.

provided that their population density is known, for instance from absorption
measurements. In addition, cross sections taken from literature imply corrections
by cascading processes. Figure 3.2 shows examples of electron impact cross sec-
tions from the argon ground state into the 2p; and 2p, states (Paschen’s notation)
which are the direct cross sections. The cross sections for cascading are in the
first case smaller than the direct one, whereas in the second case cascading is the
dominant contribution for populating the 2p, state. Direct and cascading cross
sections are compiled to the apparent cross section. The data are taken from
[CBSL98]. As a consequence emission spectroscopy of lines from the 2p, state,
(wavelengths are included in Fig. 3.2) is strongly affected by cascading.

In Fig. 3.3 the emission rate coefficients of lines originating from either states
are given. The apparent cross section of [CBSL98] was used and compared with
data of [CC81] corrected by cascading (described in [Beh91]). A Maxwellian
EEDF was applied. Deviations can be seen for T, < 2.5 eV, which are probably
due to the better energy resolution of the experiments of [CBSL98]. Cross sections
for excitation out of the two metastable levels, 1s5 and 1s3, are compiled in
[BPGT99]. The corresponding emission rate coefficients are also shown in Fig.
3.3. Assuming a relative population of these metastable levels of 1073 — 107,
which is typical for low pressure discharges, the contribution may be relevant or
even dominating. In case of the line at A = 750.4 nm, i.e. a line originating from
the 2p; state, the rate coefficients out of metastable states are remarkable smaller
[BPGT99]. All in all the preferred diagnostic lines are lines originating from the
2p; state since, on one hand cascading is lower than direct excitation and, on the
other hand excitation out of metastable states is not relevant, i.e. the knowledge
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of these population densities is not required.

Combining diagnostics of emission lines from helium and argon reveals a possi-
bility to determine the EEDF in the energy range where electron impact excitation
occurs. Up to now, a Maxwellian distribution was presupposed. As discussed in
Sec. 2.1.3 EEDFs in low pressure discharges are mostly between Maxwellian and
Druyvesteyn-like distributions. Since the shape of both distributions is given by
the exponential factor with E/kT, in linear or quadratic form, an approach was
made in [BF94] to use any non-integer value as exponent. The electron tempera-
ture is then defined by equating the average energy m, <v?>= 3kT,. The EEDF
with the parameter v is given by:

f,(E) = C,VE exp [ ~a, (E/ m)y} , (3.2)

with the constant C, for normalizing the integral to unity and a, determined by
the condition for the average energy:

B vay” 1 _ _(2T@25/v)\
O = G Tas/s) ““‘(5 r(1.5/y)) ' (3:3)

The average velocity is then given by:

B / r'2/v)
<u>= \/1“ STE ) - (3.4)

The procedure of measuring the EEDF is the following: the evaluation of lines
covering, if possible, a wide energy range yields a T; for each line under the as-
sumption of a Maxwellian distribution. If this assumption is not fulfilled the re-
sulting T, will differ in the order of their threshold energy. For instance, analysing
a helium and an argon line (covering the energy range of ~ 11 —30 eV) the argon
line yields higher 7, than the helium line, because of the decay in the EEDF. In
the next step the cross section is convoluted with a EEDF with higher v until
one receives the same temperature for either line. This requires reliable cross
sections, in particular in the energy region close to the threshold energy. De-
tails of the method are described in [BF94]. Since excitation energies of most
atoms are in the energy range above 10 eV, no information can be obtained for
the low energy range. However, this is particularly important if molecules are
present in the plasma, which deplete the low energy range due to excitation of
vibrational levels. In this case molecular radiation is used as diagnostic itself, but
information about vibrational population is required which has to be obtained
from calculations. In [Vin99] vibrational bands of nitrogen have been analysed
for diagnostics, covering the energy range between 1.5 and 4.5 eV.

Particle densities of radicals can be measured by emission spectroscopy, in—
situ and spatially resolved, if T, n. and the emission rate coefficient are known
(Eq. (3.1)). For instance, in methane plasmas, the radiation of CH, G, and
H, as well as H is detectable in the visible spectral range. However, additional
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excitation channels may occur. In case of Balmer radiation of H, besides the di-
rect excitation within the atom, dissociative excitation from CHy, Hy and CoH,,
formed in the plasma by heavy particle collisions can contribute to the radiation.
Rate coefficients for direct excitation are mostly higher than those for dissociative
excitation, however, the particle density of the dissociating molecules is consid-
erable higher than the radical density. In order to determine the radical density,
the part of the radiation originating from the dissociative excitation has to be
subtracted:

_ N - Zm nmn@ngfrs (Te)
= n X I (T,)

(3.5)

Here, m is the index denoting the molecule from which the dissociative channel
occurs, r denotes the radical species which will be determined. In pure hydrogen
plasmas, where the molecular hydrogen density usually dominates, the part of
the radiation which is due to dissociative excitation can dominate, in particular
at low T, and determination of the atomic density is almost insensitive whereas
the molecular density can be determined precisely. Therefore it has to be checked
where the major part of the radiation comes from.

3.1.3 Population of electronic excited states

For detailed understanding of atomic and molecular physics, 1.e. populating and
depopulating mechanism, emission spectroscopy combined with absorption spec-
troscopy reveals the possibility to determine population densities in a variety of
electronic states. These measured populations can be compared with CR-model
calculations. This is usually done in a so—called Boltzmann—plot, i.e. the plot of
the population density weighted with the statistical weights versus the energy,
both relative to the ground state. In the case of a Boltzmann equilibrium of the
states, the plot shows a straight line where the slope is related to T, according
to Eq. (2.12). Information about relevant physical processes populating selected
levels can then be studied by varying the input parameters of the CR-model, i.e.
metastable population density, diffusion times, opacity of resonance lines and even
opacity of lines related to the metastable levels, etc.. Such an adjusted population
can improve remarkably the T, diagnostics. Furthermore, the collisional limit of
the Boltzmann population (PLTE) can be obtained. The quantum number of the
the collisional limit should decrease with increasing electron density.

3.1.4 Rotational and vibrational populations of molecules

Analysing the radiation of molecular bands yields rotational and vibrational pop-
ulations in the excited electronic state. The following discussion is restricted to
diatomic molecules. Since emission spectroscopy is applied in the visible and ul-
traviolet spectral range, vibrational-rotational bands coupled with an electronic
transition are observed. Additionally, homonuclear molecules do not have a dipole
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moment and pure vibrational or rotational transitions are forbidden. Details of
molecular spectra, electronic, vibrational and rotational transitions are given in
the book of Herzberg [Her50].

Due to the significant smaller energy difference between rotational and vibra-
tional states in comparison to electronic states, a Boltzmann distribution among
these levels can be assumed. However, this may be fulfilled for populations in the
ground state of the molecule but in excited states the situation can be altered by
the electron impact excitation mechanism.

A vibrational temperature in the ground state will be transferred via the
Franck—Condon principle into the excited state. If the equilibrium internuclear
distance which refer to the minima of the potential curves of both states are
shifted, diagonal transitions are not preferred and the vibrational distribution
in the excited state can not be assigned with a temperature T,;. Additionally,
cascading might also influence the distribution among these levels. Deviations
from a vibrational temperature can simply be obtained by a Boltzmann plot.
Since vibrational levels are not degenerated, a plot of the relative population, i.e.
n(v')/n(v" = 0) against the energy difference is sufficient. It is common to mark
the vibrational quantum number v with one tic to identify the upper state and
with two tics for the lower state of a transition. The vibrational population of
the upper electronic state is correlated to the radiation of the molecular band by
the branching ratio ¢y y:

3
7ol
A'u','u” . qv U V,UI !
E : - E : 3
!t Ay’ ! ! qfu’ ! I/,UI’,U/I

Gw o is the Franck-Condon factor (FCF). If the excitation transfer from the
ground state is the dominant mechanism populating an excited state, ground
state and upper level of the transition are related via the Franck—Condon matrix
and the ground state population can be obtained. For this purpose both Franck—
Condon matrices have to be known. ' ‘

Figure 3.4 shows the correlation between Ty in the ground state and vibra-
tional populations in an excited state for Ny and Hs. In the case of Ny a Ty can
be assigned to the excited state population whereas in the case of Hy the relative
population in the upper state is not characterized by a temperature [FHBI6).
In low temperature plasmas, vibrational temperatures are higher than the gas
temperature but below electron temperature. Nevertheless, the vibrational pop-
ulation in the ground state may not be related with a temperature, which depends
on the populating and depopulating mechanisms, and which, for instance, may
empty a vibrational level selectively.s

Concerning rotational population, each vibrational band in the excited state
or in the ground state may have its own rotational temperature Tr;. As for vibra-
tional populations, rotational populations in the ground state can be projected
into the excited state in question. It is assumed that the rotational quantum
number J remains unchanged under electron impact excitation, i.e. AJ = 0.
Here, the change in the distance of rotational energy levels have to be consid-
ered, represented in a first approximation by the rotational constant B, in each

Ny o = n(v") : (3.6)

n(v') ¢y 2= (V')

- .
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Figure 3.4: Vibrational populations in the excited state of No and Hy depending on the vibra-
tional temperature in the ground state [FHBI6].

vibrational state [Sob89:

By Trot = By Trop -
S~ =

(3.7)

ground excited state

The rotational temperature in an excited state can be obtained by a Boltz-
mann plot of rotational lines of the P, @ or R branch of the rotational band. For
this purpose line strengths, statistical weights and alternation of intensities by
the influence of the nuclear spin (homonuclear molecules) have to be considered.
A compilation of line strengths (Honl-London factors) for each type of electronic
transitions can be found in the book of Kovécs [Kov69]. If the rotational structure
is not resolved and lines are not clearly identified because they are overlapped
by each other, a computer simulation of the spectra can be carried out with 7,
as parameter. Comparing measured with calculated spectra, Trot can be deter-
mined. This requires the knowledge of the molecular constants of all vibrational
states involved. Additionally, the coupling case of the angular momentum, spin—
splitting or even lambda splitting have to be considered which may differ for
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Figure 3.5: Comparison of calculated and measured spectrum of the vibrational band (v =
0 — " =2) in the second positive system of Na.

each electronic transition. The line strengths are then convoluted with the ap-
paratus profile. Figure 3.5 gives an example of the N, transition (C*IL, — B3II,,
v' =0 — " = 2) around 380 nm. The rotational temperature which fits best to
the measured spectra is 500 K which is also 7},; in the ground state since the
rotational constants of both states involved are very similar. If the population
originates only from heavy particle collisions 7, represents the gas temperature
T,. This method is suited as gas temperature diagnostics in low temperature
plasmas and works very well particularly for the heavy molecule Ny [Beh91]. For
the light molecules as hydrogen and deuterium the rotational temperature in the
ground state is not equal to the gas temperature [Sob89]. Concerning molecules
as CH which are formed via dissociation processes of CH, and which may be
populated by dissociative excitation, the rotational temperatures are remarkable
higher than the gas temperature [Beh91]. In this case, the dominant population
channel can be determined.

3.2 Absorption spectroscopy

Absorption spectroscopy in the optical wavelength range is a powerful tool for
measuring densities of molecules, atoms and radicals in plasmas. In recent years
it became more and more important since on one hand high stabilized continuum
radiation sources with high power are available now and on the other hand the de-
tection devices were improved. Photodiode arrays and CCD (or ICCD) cameras
enable fast recording of multiple atomic spectral lines and complete molecular
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bands. An review about high—sensitivity white—light absorption spectroscopy in
processing plasmas is given in [AGLO0]. There, the techniques and their limita-
tions are discussed in detail as well as applications are presented.

The principle of the method consists of the experimental determination of
the frequency integrated absorption coefficient, already discussed in Sec. 2.2.4,
in particular in Eq. (2.29). The intensity of an external source absorbed in a
homogenous plasma of length [ is given by:

L,(1) = 1,(0) exp (=(¥) 1) (3.8)
and can be expanded and approximated for weak absorption x(v)l < 1 to:

L) =L0) (1 - &)+ (s(v)D)?/2—...

~ 1,(0) (1 — k() 1) . (3:9)

The combination of Egs. (2.29) and (3.9) yields the relation between absorp-
tion signal and population of the lower electronic state of the observed transition:

IO - IV C I() — I,\ g A2
dv = — d\=n. A . 2L —1. 3.10
/zine Iy A Jiine 1o Bk e 8T (3.10)

For absorption measurements it is more convenient to change from frequencies to
wavelengths.

It should be kept in mind, that the line profiles of emission and absorption are
assumed to be equal. Depending on the spectroscopic system, i.e. spectrometer
and detector, in most cases the line profiles are covered by the apparatus profile.
For instance, the half width of a Doppler profile of a He-line around 600 nm at 500
K gas temperature is 4.5 pm, whereas the half width of a typical 1m spectrometer
system is around 40 pm. As a consequence the line profile in Eq. (3.10) can be
replaced by the apparatus profile:

Iy—1

/ s - XA\ = Law Ay s Py (3.11)
line 0

with Py the profile factor,‘which is 1.064 for a Doppler profile. The population

density is then given by:

8mc  gg

TN g, Ay

Loz A2 Py . (3.12)
The linear correlation of the absorbed intensity in the line centre I,,,, to the
density ny is valid only if peak absorption is small, which was the assumption
for the approximation in Eq. (3.9). This must be checked for each spectral line
and also depends on the line profile. The better the spectral resolution of the
spectrometer the higher is I,,,, which increases the signal-to—noise ratio. Addi-
tionally, if the apparatus profile is almost as small as the Doppler profile of the

line, the linearity of the resulting peak absorption is also valid for higher signals.
For remarkable broader line profiles, e.g. ten times broader than Doppler, the
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Figure 3.6: Michelson setup for absorption measurements. Filters and windows adjust the

radiation of the two legs to the same intensity. The lenses are used for light focusing.

linearity holds only up to a few percent of the peak absorption. This means that
the method becomes soon very insensitive and depends on the precise knowledge
of the spectral line profiles.

The system used for diagnostics of low pressure plasmas is carried out in
Michelson configuration (Fig. 3.6) as suggested in [BOSS95]. As continuum source
a stabilized high pressure xenon arc lamp (450 W max. power) was chosen. The

‘light passes parallel through the plasma which is achieved by the lens system.
Light focusing is also a possibility but does not guarantee identical path ways
through the plasma in forward and backward direction. Rotation of the chopper
arranged around the beam splitter allows the measurement of four signals on
a short time scale: (1) plasma light together with the light of the lamp, (2)
plasma light (plasma emission), (3) light of the lamp, (4) background signal.
Accumulating each signal and averaging of five passes, changes in time will be
averaged. An absorption spectrum is then observed by subtracting the signals in
the following procedure: Is(A) = ((1)—(2))/((3) —(4)). An absolute calibration
of the optical system is not required which is a great advantage of this method.
Additional filters and windows in the light path adjust the signals of each leg
and lowers the light to the detector. The light passes two times the plasma, thus
increasing the absorption signal. The light is then focused to the entrance slit of
a spectrometer system. For the results presented here two spectrometer systems
were available. System 1 consists of a 1 m spectrometer with gratings of 600
or 2400 lines per mm and a CCD camera. System 2 is a combination of a 1 m
spectrometer with grating of 1200 lines per mm and a ICCD camera. The spectral
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Figure 3.7: Argon absorption spectra around 810 nm (d) together with three of four signals
(a)-(c) necessary for the evaluation.

resolution achieved with system 1 is typically 55 pm and 12 pm, respectively, and
the with apparatus profiles are Doppler profiles, whereas system 2 has a spectral
resolution of 55 pm, limited by the pixel size of the ICCD. Additionally, the
profiles are broader in the wings, due to the characteristics of ICCDs. Here,
the profile factor is determined to be 1.86, which reduces the peak absorption.
Therefore, system 1 with the 12 pm resolution is preferred, but this system is
limited by the wavelength limit of the grating and detects wavelengths lower
than 750 nm only. Typical signals of system 2 of the spectra numbers (1) — (3)
and I, are shown in Fig. 3.7 for the absorption of argon lines around 810 nm.
The detection limit achieved with both spectroscopic systems is around 1073,
Since the absorption signal depends on the population of the lower electronic
state of a transition, only ground state densities, metastable state densities and




3.3. Microwave interferometry 51

the first excited state densities (upper state of resonance lines) can be observed.
The latter is remarkably populated if self-absorption of the resonance lines takes
place. Resonance lines of atoms itself are usually in the vacuum ultraviolet sys-
tem whereas the spectroscopic systems used here are limited to detect light in
the visible wavelength range (300 — 900 nm). Another criterion for selecting a
transition is the Einstein transition probability for spontaneous emission which
must be high enough, which usually fulfilled for optically allowed transitions in
atoms. In contrast, the transition probability of an electronic state in molecules
is spread over into the vibrational bands and rotational lines which, therefore, re-
~ quires higher detection limits: /= 107°. Additionally, these molecules are formed
by dissociation processes in the plasma and their densities are considerably lower
than the density of atomic gases (rare gases) which are used as diagnostic or
buffer gases. All in all the method of absorption spectroscopy discussed in this
section is used as a completion to the emission spectroscopy, yielding population
densities of metastable states and resonant levels in helium and argon.

3.3 Microwave interferometry

Plasma interferometry is used for the determination of the electron density along a
line of sight. An electromagnetic wave can propagate in a plasma if the frequency
is higher than the plasma frequency w,. The dispersion relation without magnetic
field is given by:

w? = wl + ’k® with  w? = nee*/egme (3.13)
~ For most laboratory plasmas wy is in the microwave range. Typical frequencies
used are 28, 70 or 140 GHz for which the vacuum wavelength ranges from 10.7
to 2.14 mm. This makes spatially resolved measurements possible. Depending
on the experimental geometry, two interferometer configurations are preferred:
Mach—-Zehnder or Michelson interferometer, both shown in Fig. 3.8. The interfer-
ometer can be carried out in waveguide configuration or in optical configuration
due to the small wavelengths. By using parabolic antenna instead of Horn an-
tenna, the radiation is focused in the plasma volume.

Comparing the signal of the leg including the dispersive medium, i.e. the
plasma, with signal of the reference leg, a phase shift occurs and the plasma
density (i.e. the index of refraction) can be determined. The phase shift is given
by:

27l o ol .wQ
Ap="2 B P _4/1-2 :

with the plasma length [,, the vacuum wavelength A and the wavelength of the
electromagnetic wave in the plasma A,. It is assumed that the plasma is ho-
mogeneous along l,. For a small phase shift Eq. (3.14) can be expanded and
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Michelson configuration (b), both carried out in quasi—optical transmission.

approximated by:

27l wg _2mly,  ne
A=y i T I ngutel s (3.15)

n¢eff is the cutoff density of the microwave which is 2.4 x 10% m™ at
f = w/(2m) = 140 GHz. Since electron densities are typically three orders of
magnitude below the cutoff density phase shifts are expected to be 1/10 —1/100
of one angular degree. To increase the signal-to—noise ratio and to avoid electrical
drifts of the experimental setup the plasma was pulsed continuously.

It should be emphasized that the measured electron densities are line inte-
grated densities, which is an advantage for spectroscopic measurements if the
same line of sight in both setups is used. In this case it is not necessary to know
the length of the plasma.

3.4 Langmuir probes

Langmuir probes are commonly used for spatially resolved measurements of ne,
T, and EEDF in low pressure plasmas. They are based on the work of Lang-
muir [Lan24, MSL26]. The principle of the method is the following: a cylindrical
symmetric filament is brought into the plasma. By applying a voltage ramp the
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Figure 3.9: Schematic electrical drawing of the Langmuir probe system APS3.

resulting current is measured. The so-called I/V—characteristics contains infor-
mation about the plasma parameters. Due to the application of probes in various
plasma types, i.e. excitation frequency, pressure range, magnetic fields, reactive
gases etc., the experimental and theoretical work has been further developed,
however, a universal formula does not exist. Depending on the individual prob-
lem, solutions can be found in literature.

For measurements introduced here, the APS3-system [ACK95, Kas95] was
used, especially designed for measurements in RF plasmas and in reactive plas-
mas. It allows spatially resolved measurements automatically by means of a
high—speed stepping motor and membrane bellows. Because of a fast shift, coat-
ing or etching of the probe tip itself does not cause a problem in reactive plasmas.
TIn order to minimize the disturbance of the plasma at the position where the mea-
surement takes place, the probe tip (tungsten, d = 50 pm, ! = 5 mm) is guided
in a small quartz or ceramics capillary tube mounted at one end of an aluminum
oxide tube which enables radial or axial resolved measurements over this length.
To prevent the probe tip from coating while remaining in the zero—position, it is
automatically drawn back into the capillary tube. Figure 3.9 shows schematically
the setup of the system. In order to suppress strong second and third harmonics
in typical RF plasmas a passive compensation method is used [SFAPO1]. For
applications in MW discharges the probe tip is isolated. A voltage ramp (£80 V
max.) is applied between probe tip and the reactor’s grounded electrode or wall
while the current to the probe is measured. The voltage-ramp is automatically
centred around the floating potential which is achieved by an impedance con-
verter. The corresponding DC-shift is limited to 320 V which is sufficient for
RF, MW and DC plasmas. The digital signals to the PC-interface are electrically
decoupled by optocouplers. Due to these features, a symmetric current-voltage
characterlstlc is always obtained in all plasmas where the electron density exceeds
1013 m~—2 and is not higher than 10 m




54 : Chapter 3. Diagnostic Methods

0.08 T T T T T T T T T
electron

0.06 - saturation
s
S, 0.04 electron (V)
o retarding
% 0.02 current
= . o dl/dv
Q‘o _____ et T L
3 0.00F= ol b
%~ ICOunrrSeittUI’atlon L dZI/de
= 002} N

_004 | L 1 1 1 L 1 'l| 1

8 _ 10 12 14 16

V [V]
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the first and the second derivative. Marked are the floating potential (V1) and the plasma

potential (Vpi).

A probe characteristic may be divided into three parts (Fig. 3.10): the small
ion saturation current I; obtained for a probe potential which is strongly neg-
ative against the plasma potential, the electron retarding current I, for probe
potentials between the floating and the plasma potential (Vy, Vi) and the elec-
tron saturation current I, at which the electrons are accelerated against the
probe surface. The floating potential Vy is located where the electron and the
ion currents are balanced and the overall current is zero. The plasma potential V;
denominates the potential of the plasma bulk which allows all charged particles
to reach the probe surface without being accelerated or retarded. For general
relations between measured currents and plasma parameters see, for instance,
[SS70]. Before evaluating the first and second derivative, the I/V-characteristic
has been transformed with a Fast—Fourier—Transformation followed by a digital
filter procedure in the frequency range. The second derivative is taken to derive
the plasma potential where this plot is zero. The methods applied to determine
plasma parameters n., T, and EEDF from the probe characteristics are summa-
rized in the next two sections.

3.4.1 Electron density

The standard evaluation method is based on the measurement of the electron
current at plasma potential I, ,(Vp). The electron density is given by:

L 2TM,
Age kT,

Ie,r(vp = V;?l) ) (3-16)

TNe =
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with the surface of the cylinder electrode A, and the probe potential V, (the
voltage drop between sheath edge and probe surface), which is equal to the plasma
potential. The second method is based on the integral over the EEDF:

n= [ a1 @17

This method does not depend on a special EEDF like the Maxwellian, which is
assumed in Eq. (3.16) by using T,. It should be mentioned that the ion saturation
current is not used for evaluations, since the probe theory can be very complicated
in this voltage range. '

3.4.2 Electron temperature and EEDF

The electron temperature is derived from a fit of a Maxwellian EEDF by the
logarithm of the measured probe characteristic in the low energy part. The slope
of the electron retarding current I, , yields the electron temperature:

e dV,
Te = —/{: m . (318)

Here, no other plasma parameters are needed to evaluate 7,. A second method
is based calculating on the integral over the EEDF and is therefore independent
from the aforementioned assumption of a Maxwellian EEDF. The mean electron
energy becomes

_ @R (m)ay,
I = [(@av

with < B >= 3/2kT,. In order to calculate the EEDF, the second derivative of
I, yields:

<E> , (3.19)

d? 2A,me?
W(Ie’r) - 77:12 f(E = ‘6‘/;0), ‘/;) <0. (320)
P e

If the second derivative is disturbed by the RF modulation the undisturbed part of
the logarithm of the second derivative is extrapolated linearly against the plasma
potential.

3.4.3 Operation conditions

The electron density range, which can be measured with this probe system, is
limited to 10 < n, < 10" m™3. Due to the chosen evaluation method the
results are reliable and are obtained with an error of &~ 10%. More critical is the
evaluation of T, which depends on a precise measurement of the electron retard-
ing current in a wide voltage range. Additionally, an undisturbed Maxwellian
distribution is required, if possible up to high energies which is often limited by
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the detection limit for the measured current. For the same reasons, deviations
from a Maxwellian distribution due to heavy particle excitations (around E,.)
are difficult to detect. In the case of molecular plasmas, the EEDF shows a sharp
bend in the energy region of vibrational excitation (around a few eV) and fit by
a slope in this region would lead to distorted results.

Apart from the detection problems, the influence of inserting a probe into
the plasma on the plasma itself has to be checked carefully. Since the probe
represents an additional surface in the plasma the plasma will react (local, around
the probe) by a decrease of n, and an increase of T, which are then the measured
values. In the case of large plasmas this influence is no problem at all, but
in small plasmas the modifications may not be negligible. In summary, probe
measurements are reliable for n, diagnostics whereas for 7, and EEDF they can
be used. for comparison with other diagnostics. The great advantage of probe
measurements is the possibility of getting spatially resolved results.

3.5 Mass spectrometry

Quadropole mass spectrometers are used to determine partial pressures in a
plasma. Depending on the system, either neutral densities or neutral, radical
and ion densities as well as ion energies are measurable. By calibrating the sys-
tem with known partial pressures absolute densities are observed. Since particle
collisions in the detection system should be avoided, the background pressure
is about 107!° mbar which is achieved by differential pumping through a small
aperture (d &~ pm). The low background pressure guarantees also small signals
of impurities as water or oxygen in the detection system. The principle of mass
spectrometry systems will by described briefly, for details the reader is referred
to standard literature.

3.5.1 Residual gas analyser

For measuring neutral particle densities the mass spectrometer is placed in the
residual gas of the chamber, far away from the plasma. Commonly such residual
gas analysers are used for vacuum diagnostics or leak detection in a vacuum
system. Due to the distance between plasma and detector no information of
radicals produced in the plasma by dissociation can be derived. Therefore only
gases filled into the chamber can be measured, e.g. Hy, He, Ar as well as CHy
and higher hydrocarbons, which will be formed as stable products in the plasma.
Such a system gives information about demixing processes of gas mixtures in
the vacuum chamber due to different pumping power for various particles and
demixing at valves. Additionally, a dilution of gases such as CH4 or SiH, can be
quantified and the formation of higher hydrocarbons can be detected. Applying
the fragmentation pattern of a gas at the detector, listed in tables (e.g. [CMT71]),
the composition of higher hydrocarbons can be determined. Such systems are
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available in a wide mass range, the system used here was a QMG064 Balzers
device working in the range between 1 and 64 amu.

3.5.2 Energy resolved mass spectrometry

Such types of analysers are used for the analysis of ions and neutrals in plasma
processes. The aperture is located in the plasma sheath or in the surface in order
to observe the ion energy distribution and the radicals hitting the surface. The
analyser is sensitive on mass number and energy and detects neutrals and radicals
as well as positive and negative ions, which is achieved by a suitable bias voltage.
The working range and calibration procedure for plasma diagnostics is compiled
in detailed for methane plasmas in [Pec98] and is therefore not described further
here.
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Chapter 4
Helium and Argon Plasmas

Helium and argon are used as diagnostic gases and to vary plasma parame-
ters,essentially T, in hydrogen plasmas. Therefore, diagnostics and results for
pure rare gas plasmas are described first. Additionally, characteristics of the var-
ious experiments and underlaying basic interpretations are discussed in principle.

4.1 Particle densities and gas temperature

Particle densities of those neutral species which do not dissociate can be calculated
from the general gas equation (Dalton’s law, Eq. 2.38) using the particle partial
pressure. The partial pressures are either determined by the adjusted percentages
through flow meters or measured by the residual gas analyser. If it is possible,
the second method is to be preferred, since the pumping system, turbo pump
and roughing pump, has different pumping speeds for different particle species.
Furthermore, modulating valves and apertures have mass dependent flow rates.
All of this can cause a change in the composition as determined by the flow
meters. If the composition cannot be calculated directly, the demixing has to be
determined for each operating condition. The procedure of measuring the actual
composition through the additional aperture of the gas analyser is described in
detail in [Sta00b]. Figure 4.1 gives an example of demixing measured in the ECR
experiment depending on mixture (a) and pressure (b) for particle mixtures set
by flow meters. In both mixtures, the correction factor is smaller than unity
for the light species which means their actual percentages are lower than the
values set by flow meters. In contrast, the heavier species accumulate. Since the
total pressure is adjusted by an elbow valve which reduces the pumping speed
of a turbo pump connected with a membrane pump, the demixing varies with
pressure. In the case of argon or krypton, both being the heaviest species in
either mixtures the changes in density are remarkable and have to be considered
in further analysis. In the following the gas compositions are referred to values
set with the flow meters but the actual percentages were used for the analysis.
The gas temperature was determined by the analysis of the vibrational band

!
i
i
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0 — 2 of the electronic transition C' — B of Ny. In order to avoid disturbing the
plasma, small admixtures of N, (= 1%) to the plasma were used for this purpose
only. Figure 4.2a shows results of the ICP discharge in helium. As expected, the
gas temperature increases with input power. The increase with pressure is caused
by the decrease of the diffusion rate which reduces the thermal conductivity. It
argon is present in the plasma the method fails, as illustrated in the Fig. 4.2b.
Due to excitation transfer of excited argon states into the electronic state C of
N, the rotational distribution of the vibrational states is disturbed and does no
longer represent the gas temperature [FHBO6]. With increasing argon admixture
to the hydrogen plasma the rotational temperature strongly increases in the glow
discharge at p = 300 Pa and the ECR discharge at p = 5 Pa, and is almost
independent of pressure. In this case the vibrational band 0 — 0 of the electronic
transition B — X of the N; molecule around 391 nm is used for diagnostics. The
energy level of the upper state is at 18 eV and higher than the ionization energy
of argon. Thus, T, of the glow discharge is almost constant at 400 K in the
investigated parameter range (mixture, p, I) (Fig. 4.2b). For the ECR discharge
T, = 450 K was obtained which is independent of pressure, input power and
mixture due to the possibility of adjusting the plasma size in the chamber.

4.2 Electron density

Electron densities in the ECR, MW and ICP discharges were measured with
Langmuir probes and microwave interferometry [Sta00b]. However, in the case of
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Figure 4.2: Variation of gas temperature determined from the radiation of the No band around
880 nm (a). Part (b) shows the influence of excitation transfer from argon to nitrogen.

ECR discharges the plasma has a size of approximately 200 cm® and is strongly
disturbed by the probe. The probe itself is surrounded by an additional sheath
and measurements are not reliable since T, increases whereas n, decreases. Never-
theless, relative dependencies on parameters and spatial profiles can be obtained.
Together with results from microwave interferometry the electron density was
determined to be n, = 1017 m~> (almost spatially constant) independent of dis-
charge parameters. However, since the plasma size varies and interferometric
measurements make an average along the line of sight, the product n.[ varies
and the plasma length has to be estimated. Since emission spectroscopy uses the
‘same line of sight, using the same length in the analysis gives results independent
of the plasma size. Electron densities measured in the MW discharge show first
an increase in radial direction with a plateau, which then drops with distance
from the quartz tube. Dependencies on pressure, input power and gas mixtures
have been observed [Heg02].

4.2.1 Spatial profiles in ICP sources

The ICP source is well suited for Langmuir probe measurements. The electron
density varies with pressure, gas mixture and input power and has to be de-
termined for each parameter set. The variation of m. is between 5 x 10'% and
5 x 1017 m~3, increasing with increasing input power. As expected, argon plas-
mas have higher densities than helium plasmas. Results are given in [Pau00] and
[SFAP01]. The measurements are reproducible within 10%. In the following only
spatial profiles in helium discharges are discussed.

Figure 4.3 shows spatial profiles in the radial direction at axial position z = 10
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Figure 4.3: Radial profiles of n. and <E> without (a) and with (b) substrate in the centre of
the ICP discharge in helium ot p = 20 Pa (z = 10 mm).

mm (Fig. 2.7) in a helium discharge at p = 20 Pa and Pjn, = 250 W. Part (a)
matches a Bessel profile indicated with a full line for r > 0 mm. The points
refer to measured Langmuir probe data, whereas the full curve give results from
simulations based on a hydrodynamic model [SFAPO1] carried out for this special
ICP source. The deviations near the chamber walls | r [> 60 mm are due to
the diagnostic flanges which are not included in the simulations. The agreement
between measurement and simulation is excellent. To match the peak electron
density of the measurement the input power for the simulation has to be set to
P, = 95 W with a coil current of I.,; = 11.8 A. This allows the determination of
the losses and the overall efficiency of the system. Introducing a substrate holder
(30 x 30 mm) into the centre of the discharge yields profiles (10 mm above the
substrate) as presented in part (b) of Fig. 2.7. The electron density as well as the
plasma potential drop locally and show a saddle like structure, whereas the mean
energy < E > slightly increases. The measured profiles are unsymmetrical because
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discharge (a). Part (b) shows the corresponding mean energy.

the Langmuir probe is introduced into the plasma from negative r directions. For
positions 7 2> 0 the plasma is affected by the Langmuir probe and the substrate.
Again, a good agreement between measurements and simulations is observed. For
the analysis of data from emission spectroscopy the line averaged electron density
has to be taken. This is derived from the peak electron density determined by
Langmuir probes divided by the factor of the Bessel profile (without a substrate):
Ne = ne,mam/1-6-

In the axial direction the profiles depend on the discharge pressure as shown
in Fig. 4.4. Again measurements and simulations are in excellent agreement.
The deviations for small z—values are due to the diagnostic flange in the bottom
of the chamber which is not included in the simulations. The maximum of the
density is located closer to the quartz window than to the bottom plane of the
chamber. This is a consequence of the discharge heating which only took place in
the proximity of the coils, i.e. directly below the quartz window. Another aspect
of the local heating is the behaviour of the electron temperature which shows a
maximum at the quartz window in simulation and experiment. The peak electron
density rises with increasing pressure (Fig. 4.4) and at the same time the position
of the maximum moves towards the quartz window. The pressure dependence
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can be explained as follows: from the electrodynamic model it is known that
the heating of the discharge only occurs in a small region close to the quartz
window. For lower pressure the high thermal conductivity of electrons causes
a redistribution of the locally acquired energy over the whole plasma volume.
With increasing pressure electron—neutral collisions become more frequent which
results in a lower thermal conductivity. In order to transfer energy from the
heating zone to the passive parts of the discharge, larger temperature gradients
are necessary to drive the heat flux. Therefore a localized hot zone exists in which
most of the particle generation takes place causing a contraction of the discharge
in the region directly below the quartz window. This effect is also confirmed by
the spatial dependence of the mean electron energy: the maximum is located
directly below the quartz window.

The generator power input was kept constant at all four pressures (P, = 250
W). The coil current is derived from simulations (I.ou and the integrated power
transferred to the plasma). With increasing pressure the coil current and the
losses decrease by a factor of two. Electron density and conductivity rise and
therefore the energy transfer from the coils to the plasma becomes more efficient.
An increase from 20% to 45% efficiency corresponds to Py, = 50, 70, 95 and 122
W at p =5, 10, 20 and 50 Pa, respectively.

4.2.2 Measuring n. in glow discharges

In the glow discharge neither Langmuir probes nor microwave interferometry was
used since the diagnostic flanges are too small d = 1 cm. Since the plasma is
cylindrically symmetric, a Bessel profile can be assumed in the radial direction.
The averaged value was derived from the electrical conductivity (Eq.(2.52)) of
the plasma by measuring the electrical current and voltage [BF94]. For gas mix-
tures the corresponding mobilities were used. In pure nitrogen discharges these
results could be compared with spectroscopic determinations of electron densi-
ties, a diagnostic method which will be described briefly below. It has to be kept
in mind, that spectroscopic results obtain the peak value of n., which is achieved
by imaging the axis of the tube.

The diagnostic method is based on the measurement of the radiation of the
vibrational band 0 — 2 of the electronic transition B — X (first negative system)
of the N molecule (around 391 nm). The electronic state B can be excited by
electron impact out of the ground state of the Ny molecule and out of the ground
state of the NJ molecule. The first excitation mechanism has a threshold energy
of By, ~ 18 eV whereas the second one needs only Ey,, =~ 3 eV. In the case of a
Druyvensteyn-like EEDF the second excitation mechanism would be dominant
and the radiation of the molecular band is given by: Nag = ON neX a1 (Te).
Since the energy threshold is comparable with T, the dependence of the rate co-
efficient on 7T}, is weak. The rate coefficient itself was calculated from the optical
f-value (optically allowed transition) using the impact parameter method [BS76]
which holds only for energies well above threshold and is not really fulfilled in the
present case. The rate coefficient was then adjusted experimentally and had to be
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Figure 4.5: Electron density in the glow discharge measured by the radiation of the Nf band

in comparison with results from the analysis of the electrical conductivity.

increased by a factor of three [BF94]. Because of the low degree of dissociation in
nitrogen plasmas (approx. < 1%) the ions are Nj rather than N*. Thus, the ra-
diations becomes proportional to n2. This could be verified in the glow discharge
by increasing the current, as shown in Fig. 4.5. The method can also be applied
in gas mixtures taking into account both excitation mechanism (due to higher Te)
and the ion composition. The fraction of Nj ions must be calculated from the
relevant ionization rate coefficients and charge exchange processes. Results for a
helium dominated discharge are also given in Fig. 4.5 and show good agreement
with results from the analysis of the electrical conductivity.

4.3 Electron temperature and EEDF

Strictly speaking, the concept of T, holds only in case of a Maxwellian EEDF, but
is also used here to characterize non—-Maxwellian distributions. The relation of 7T,
with the mean electron energy is given by: < E>= 3/2kT,. In this section, results
of spectroscopic determination of 7, or EEDFs from the radiation of (mainly) He
and Ar lines in glow discharges, ICP sources, ECR and MW discharges will be
described.

4.3.1 Glow discharge

To obtain information on the shape of the EEDF in glow discharges from spec-
troscopic measurements the intensities of spectral lines and molecular bands with
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Figure 4.6: Spectroscopic determination of T, in the glow discharge. Part (a) shows results
obtained by assuming a Mazwellian EEDF whereas in part (b) the adjusted distribution function
is applied [BF94].

different excitation thresholds were analysed (Sec. 3.1.2, [BF94]). The relevant
electron excitation rate coefficients reflect weighted integrals over the distribu-
tion functions, which are one to several eV wide and centred somewhat above the
excitation thresholds. Bands and lines of Ny, Ar and He provide information in
the energy range from about 12 to 24 eV. For the analysis, the corona model was
used with EEDFs of a Druyvesteyn-like shape (Egs. (3.2-3.4)) with parameter
v, which was adjusted to fit the experimental results. Figure 4.6 presents results
of a gas mixture depending on pressure. Under the assumption of a Maxwellian
distribution each diagnostic line reveals a T, in the reversed order of their exci-
tation energies, i.e. the higher Fy,,. the lower is T,, which indicates a decrease of
the EEDF in the higher energy part. Using the adjusted distribution function
with the parameter 1.8 < v < 2.9 good agreement between the results is observed
(part (b) of Fig. 4.6). The results were confirmed by calculations on the basis
of the ionization rate coefficients and an ambipolar diffusion model (Sec. 2.3.2).
The experiments show that the high—energy part of the distribution functions is
approximately described by the Druyvesteyn-shape for a wide parameter range.
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4.3.2 ICP reactor

The ICP source provides the possibility of comparing results of mean electron
energies and EEDF from Langmuir probe measurements with results from emis-
sion spectroscopy and simulations for the ICP discharge (Sec. 4.2.1). Figure 4.7
presents results measured in pure helium discharges at 7 = 0 mm and z =0 mm
at various pressures. The corresponding n, values were given in Fig. 4.4. As can
be seen in the upper part of the figure, the Langmuir probe system is able to
resolve the electron retarding currents with a resolution of three order of magni-
tudes. Therefore, depending on mean electron energy, EEDF's are reproducible
up to energies of £ ~ 20 eV for p = 50 Pa and F = 30 eV for p = 5 Pa. In the
case of p = 20 Pa and p = 50 Pa the beginning of depletion in the high energy
region, which is due to the influence of inelastic electron collision processes oc-
curring at the threshold of the first metastable state of helium around 19.8 eV,
is detectable. The shape of the EEDF is discussed in detail in [SFAPO1]. The
slope of the straight lines (Maxwell lines) in Fig. 4.7a represents the temperature
determined by the probe analysis software (i.e measured electron temperature).

Also shown in Fig. 4.7a is the cross section (arbitrary units in linear scale)
for ground state excitation of helium into the 3'S level, resulting in the emission
of the He-line at 728 nm used for spectroscopic T, diagnostics. Therefore, the
spectroscopic results represent the slope of the high energy region (assuming a
Maxwell distribution). The overlap of the energy region covered by the Langmuir
probe and those necessary for spectroscopic analysis is small. This fact has to be
kept in mind in the discussion of mean energies obtained from either diagnostic
(Fig. 4.7b). The deviations at low pressures are correlated with an overpopulation
of low energy electrons trapped in the potential well near the discharge center.
The large number of low energy electrons causes a reduced mean energy, which
is detected by the probe. In contrast, the measured overpopulation in the high
energy region has no influence on the mean energy due to the small number of
~electrons. At higher pressures the EEDF can be considered as a composition
of two Maxwellian distributions with different slopes, i.e. lower temperature at
higher energies. As a consequence the spectroscopic mean energies are below the
results of the probe at higher pressures. Also included in Fig. 4.7b are results
from the simulation, showing good agreement with results from spectroscopy.

In mixtures of helium and argon the EEDF can be obtained by analysis of
line radiations of both gases. In contrast to the method used in glow discharges,
Langmuir probe measurements give additional information, in particular in the
low energy region. In order to connect the energy regions where both diagnostics
are sensitive, calculations of the EEDF were carried out based on the solution
of the homogenous Boltzmann equation (Sec. 2.3.4). Since the electrical field
strength of the discharge is unknown, F; serves as a parameter in the calculations
to match the EEDF of the Langmuir probe or/and measured line radiations.

EEDF calculations were carried out with the computer code HoBo [Kor93].
This code is based on the numerical solution of the isotropic part of the spatially
homogeneous Boltzmann equation taking into account the total excitation cross
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Figure 4.7: EEDF in pure helium ICP discharges at Pinp = 250 W measured with the Langmuir
probe. Dashed straight lines refer to a Mazwell fit in the low energy range. Part (b) compares
results of the mean energy < E > derived by various methods.

section in the local approach. Calculations can be carried out for a mixture of a
maximum of four gases: He, Ne, Ar, Ny. The code was extended to the species Hy,
CH, using the data base of [Sig00] for all species. The excitation cross sections
of one species were compiled to an effective excitation cross section. Since almost
all input data of the code are known (f, n, p, gas mixture) the remaining free
parameter is E;). Details of the code, the data implemented and applications to
various discharges are given in [Ond00].

Investigations were carried out in He/Ar mixtures (Fig. 4.8). The EEDF
obtained by the Langmuir probe is matched by calculations of HoBo using a elec-
trical field strength of E, = 35 V/m (curve 5 and 4 in (a) and (b), respectively).
To match the spectroscopic data (radiation of Ar-lines at 696 and 667 nm and He
at 728 nm) E,; was varied until the radiation calculated on the basis of the EEDF
in HoBo is equal to what is measured: curve 1 for Arggs, curve 2 for Argg7, both
in part (a), and curve 1 in part (b) for Heryg. Only excitation from the ground
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Figure 4.8: Calculated (HoBo) EEDFs in a He/Ar mizture (ICP discharges at Pipp =250 W) -
fitted to probe measurements and argon radiation (a) as well as helium radiation (b) considering
metastable populations.

state was assumed. Excitation out of metastable states of these atoms can be
taken into account by extending the simple corona equation (Eq. (2.8)) with the
appropriate terms. However, the population density of these levels have to be
~ known together with the cross sections. Since the excitation out of these states
requires an excitation energy of only 1—2 eV the low energy range of the EEDF is
important. For a non-Maxwellian EEDF the ratio of this excitation mechanism
to the ground state excitation is higher than in the Maxwellian case, assuming
same population densities. Cross sections were taken from [HHKS92, LSAL92]
for He and from [CBSL98, BPGT99] for Ar.

Variations of EEDFs are calculated under the assumption of additional exci-
tation out of both metastable states (1s5 and 1s3 in Paschen’s notation, assuming
a ratio of 1ss/1s3 = 10) for the Argos line (2p; — 1ss) (Fig. 4.8a) and the 2'S
metastable state for the Hesoq line (315 — 21 P)(Fig. 4.8b). Population excited
out of the triplet state 23S can be neglected since this requires spin change.
Thus, one obtains the relative populations of the metastable states as 1.3 X 103
(1ss) in Ar (curve 5) and 6 x 107 (2'5) in He (curve 4). Since the population
of the Ar 2p; state is not as much influenced by metastable states [BPG*99], the
radiation of the Arggr line (2p; — 182) is not corrected. However, the 2p; state is
directly related with resonance states (1s4 and 1s3) and opacity of resonance lines
may enhance the population of the 2p; state too. This may explain the difference
of the EEDF for the Argg; line which is not identical with that of the Lang-
muir probe. Under the assumption of the same influence on the Arggg line, the
metastable density 1s; would decrease to 1.4 x 107 (curve 2) and is in the range
of populations one would expect in such discharges. In summary, this illustrates
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Figure 4.9: Spectroscopic diagnostics of T, in the ECR discharge at p = 10 Pa using the

radiation of argon and helium lines.

that for an analysis of spectroscopic data, excitation out of metastable states is
relevant, in particular in the case of non-Maxwellian EEDFs. In addition, the
influence of opacity of resonance lines has to be taken into account.

4.3.3 ECR and MW discharge

The starting point for spectroscopic investigations in ECR and MW discharges is
a Maxwellian EEDF. Preliminary examinations with Langmuir probes and cal-
culations with HoBo together with spectroscopic determinations of the adjusted
EEDF (parameter v) indicate that the EEDF is very close to Maxwellian. On
this basis detailed analysis of T, diagnostics from helium and argon lines were
carried out. Since CR-models mostly consider rate coeflicients implemented as
polynomial fits based on a Maxwellian distribution their use is reasonable in these
plasmas. Again two lines of argon (Arggs and Arzsg) and one of helium (Heros)
have been used for T, determination. Figure 4.9 give results obtained from these
three line radiations using the CR-model ADAS for helium (Sec. 3.1.2). For ar-
gon, the corona model (excitation out of the ground state only) was applied. As
expected from the ionization balance, T, decreases with increasing admixture of
argon to helium. However, the absolute values differ significantly. Argon yields
higher values than helium which might indicate a Druyvensteyn-like EEDF, as
discussed in glow discharges. However, using also the corona model for helium,
the analysis of Hespg would yield higher T, than Arrsp.

The application of the CR-model for helium makes 7, from Herps in Fig.
4.9 the more reliable ones. Using Fujimoto’s CR-model instead of ADAS, T,
would be 0.24, 0.16, 0.6 and 0.01 eV lower at 0%, 5%, 25% and 50% Ar admix-
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ture, respectively. This can be explained by the overestimation of the opacity in
Fujimoto’s code (Sec. 3.1.2).

The difference in the results of argon lines is due to the sensitivity of Arggg
to cascading (Fig. 3.2) and to population excited out of metastable states (Fig.
3.3), as discussed in the previous paragraph for ICP discharges. Consideration of
metastable populations will lead to a decrease of T, and the remaining deviations
of both argon lines may then be due to opacity of the resonance lines of argon.
The increasing difference between Arzsy and Herog with increasing argon density
may be used as an indication. To get a better agreement between the results of
these lines, metastable populations and opacity have to be investigated in detail,
as will be shown in the next section.

4.4 Metastable states and opacity

The influence of metastable state population and opacity of resonance lines on
population of higher excited states and on line radiation originating from these
states was investigated in the ECR discharge. In case of helium, comparison of
population densities from absorption measurements and emission spectroscopy
with results from CR-models allows systematic studies which can then be trans-
ferred to argon.

4.4.1 Energy level diagram

Figure 4.10 shows schematically the ‘energy level diagram of helium with the
spectroscopic notation and optically allowed transitions for the lowest excited
states n < 3. The arrows are labelled with the wavelength of the lines emitted by
spontaneous emission. Helium is split into singlet and triplet states (fine structure
of the triplet levels is neglected). Transition between these systems are optically
forbidden (intercombination lines). Each system has a metastable state, the 215
and the 235 level at 20.61 and 19.82 eV, respectively. The 2! P state at 21.22 eV
is resonant with the ground state whereas 2°3P (20.96 eV) is resonant with 23S.

In Fig. 4.11 an energy level diagram of argon is sketched. The coupling of the
momenta is intermediate between LS— and jj—coupling. The system is character-
izes by the angular momentum of the core: j, = 1/2 and j, = 3/2, the second one
marked with a prime in the spectroscopic notation. Transitions between these
systems are allowed. The arrows indicate transitions used for determination of
upper and lower level populations by emission and absorption spectroscopy, re-
spectively. Paschen’s notation for the electronic states of interest is given and
will be used in the following for convenience. Argon has two metastable and two
resonant states which are energetically very close: 1s5—1sg at 11.55, 11.62, 11.72,
11.83 V. Thus, mixing of level populations due to heavy particle collisions can
occur and similar populations for those four levels are expected.
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Figure 4.10: Energy level diagram of helium with optically allowed transitions and wavelengths
[nm] for n < 3.

4.4.2 Population density of excited states

The population density of metastable and resonant states of helium and argon
were measured in the ECR discharge by absorption spectroscopy [Lot00]. Since
the optical system is equipped with a ICCD camera, a spectral resolution of 55
pm is achieved and the line profiles are Doppler profiles which are broadened in
the line wings. Therefore special emphasis has to be given to the linearity of the
peak absorption. Typical peak absorption signals of around a few percent were
observed. Assuming a line profile with Doppler width corresponding to the gas
temperature the full width at half maximum would be 4.5 pm for He and 1.4 pm
for Ar at 600 nm, i.e. lower than one tenth of the spectral resolution. Thus, the
linearity for helium peak absorption should be fulfilled whereas for argon lines
the situation is different as shown by calculations [Beh00].

Attempts were made to measure as many lines a possible with the same lower
level. This was unsuccessful for helium since lines other than those of the n =2
to n = 3 are either below 400 nm, where the intensity of the light source drops,
or the transition probabilities are so low that reliable signals cannot be got. For
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Figure 4.11: Energy level diagram of argon.

argon the situation is different. Here, more than one line could be measured to
obtain the population density of the lsy — 1s5 states. All of them are in the
spectral range between 667 and 930 nm.

Comparing results from various lines referring to one level, the population
density differs up to an order of magnitude. Lines with low peak absorption yield
a higher density than lines with high signal. This indicates that the linearity
of peak absorption no longer applies for some argon lines. Therefore, results of
lines which yield the highest population densities were used for further analysis.
However, even they might also be affected by nonlinearity and this would result
in a higher density. Additionally, the signal-to-noise ratio enhances the error bar
of these lines due to the low peak absorption. Replacing the standard optical
system with one which is equipped with a CCD camera, and a grating of 2400
lines per mm a spectral resolution of 12 pm can be achieved, but only in the
wavelength range up to 750 nm, limited by the angle of rotation of the grating.
Thus, only three argon lines could by checked which are correlated with two states
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Figure 4.12: Relative population densities, depending on pressure, of He for n =2 (a) and of
Ar for 1s; (b). Part (c) shows 1s; Ar populations in Ar/He miztures.

(1ss and 1s4). The agreement with densities derived from the standard system
was satisfying, yielding enhanced population densities. The error bars for the
argon densities measured with the standard system are therefore estimated to be
a factor of two. For helium lines the densities were reproducible to 30% with both
system, which confirms the assumption of linearly increasing signals. The error
represents more or less the reproducibility of the measurement and the operating
conditions of the plasma itself.

Figure 4.12 shows relative populations of the metastable and resonant levels
of helium in a helium discharge (a) and argon in an argon discharge (b), in each
case as a function of pressure. The third part of the figure gives argon results at
10 Pa as a function of the admixture of argon to helium. Here, only two helium
densities could be determined (open symbols) due to the decrease of T, which is
caused by increasing argon admixture. Thus, helium populations decrease and
fall below the detection limit of the optical system.

In helium, population densities decrease with increasing pressure due to the
decrease of T, from 4.0 to 2.7 eV. The relative population densities of the
metastable states are in the range of 10~* — 10~ in which the 23S state is a
factor of five higher than the metastable state in the singlet system. This cor-
relates with the lower threshold energy for electron impact excitation from the
ground state. The relative populations of the resonant levels are more than one
order of magnitude lower than those of the metastable states and show a some-
what different dependence on pressure. Here, two effects compete: the decrease
due to T, and an increase due to increasing neutral helium density which en-
hances the optical thickness of resonant transitions into the ground state and
into metastable states. The latter becomes important at these high measured
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Figure 4.13: Opacity correction factors for the emission rate coefficient of the He-line at 501
nm (a) and at 728 nm (b) depending on T, and the helium density.

populations. The 2 'P decays by spontaneous emission into the ground 1 1S and
the metastable state 215 whereas 2 3P has only one possibility, namely decay into
the 235. Therefore, these two states show a different behaviour with increasing
pressure. ,

In argon, the population densities of metastable and resonant states are close
together. This indicates the expected repopulation processes among these levels,
which is due to an energy difference of only 0.3 eV between them. This is further
confirmed by the uniform decrease of all four populations with increasing argon
density. Although the energy threshold of around 11.5 eV is noticeably lower than
that of the helium states, the population densities relative to the ground state are
similar. The reason is the lower electron temperature of argon plasmas compared
to helium plasmas. In argon T, falls from 2.4 to 1.7 eV with increasing pressure.
Increasing T, in argon plasmas by using helium as a background gas (Fig. 4.12c)
increases all four argon population densities. A decoupling of the four states is
indicated, i.e. a difference of behaviour between metastable and resonant states
is observed. The latter show a lower decrease with increasing argon admixture
due to increasing opacity, which works against the decrease of T,. Because of the
high population densities of metastable and resonant states of argon and helium,
opacity and excitation out of metastable states is important for the population
of higher excited states as already discussed in Sec. 4.3.2, Fig. 4.8.

In order to investigate the influence of the opacity of resonance lines on pop-
ulations of higher excited levels which are used for diagnostics, systematic calcu-
lations with the CR-model ADAS were carried out for helium. The correction
factors Kps, which scale the optical thin effective rate coefficients (Sec. 2.2.4),
were calculated as a function of ny. for the ECR discharge with the following
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characteristics: n, = 107 m~2, homogeneous, cylindrical plasma with r = 5 cm,
Doppler profile with 7, = 450 K. The results are given in Figure 4.13 for two
helium lines in the singlet system: 501 nm and 728 nm. It is obvious that the
Heso; line is very sensitive on opacity in contrast to the Hergg line. This is caused
by a direct coupling of the upper level of the Heso; line (3 LP) with the ground
state. For example, at 10 Pa the helium density is ng. = 1.6 x 10 m™® and
the radiation of the Heso; line is enhanced by a factor of ~ 50 whereas the Hezog
line increases only a factor of ~ 1.5. Therefore, the latter is better suited for
diagnostic purposes, e.g. the measurement of T,. In case of the Hesp; line the
optical thickness of the plasma has to be known precisely. However, this line
allows a sensitive diagnostic of the opacity itself.

4.4.3 Boltzmann—plot of helium

In addition to the population densities obtained from absorption measurements
higher excited state populations were obtained from the radiation of emission
lines. In the case of helium, the population densities of n = 2, n = 3 and
some of n = 4 can be measured in the visible spectral range and are compared
with results from CR—model (ADAS) calculations. The comparison is carried out
for a helium plasma (ECR discharge) at 10 Pa. Figure 4.14 shows the results
in a Boltzmann—plot, which is basically discussed in Sec. 3.1.3. As expected,
the populations are not in Boltzmann equilibrium, i.e. the values are not on
a straight line. Furthermore, a Boltzmann-line in the plot according to the
electron temperature of the plasma would be at remarkably higher populations
(two orders of magnitude higher for the S—states of n = 2). The deviations from
a Boltzmann-line and the lower absolute values are typical for non-equilibrium
plasmas.

In Fig. 4.14 the ADAS calculations agree well with the measurements. The
absorption signals were corrected slightly by adjusting the length of the plasma
and by the beginning of the nonlinear relation of peak absorption and density of
lines from the metastable states. Concerning the metastable states the agreement
was achieved by reducing the lifetime of the neutral particles to the diffusion time
(107* ) in the calculation. Another important result is the optical thickness of
the transitions from the n = 2 P-state to the n = 2 S—state , thus enhancing the
population of the P-states and changing the order of the reduced populations.
This means that the value for the 2 ! P state is slightly higher in the Boltzmann—
plot than for the 2 P state, a circumstance which is not found if only the opacity
associated with resonance transitions to the ground states is taken into account.
Regarding n = 3 states, the calculated S—populations seems to be too low whereas
D-populations are too high. These deviations are outside the error bar for the
measurements and are systematically observed for other pressures. It turned
out that a better agreement can be observed if the electron density is reduced
in the calculations by a factor of two followed by a re-adjustment of T,. As a
consequence, either n, of the discharge is smaller, which is almost excluded since
the error bars of results from microwave interferometry are around 20%, or the
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Figure 4.14: Boltzmann-plot of helium measured at p = 10 Pa in the ECR discharge together
with results of the CR-model (ADAS) for T, = 3.8 eV and npe = 2 X 102! m~3.

rate coefficients used in the CR-model have to be improved. Nevertheless, the
good agreement between measurements and calculations illustrates the sensitivity
to physical processes and contributes to an improved understanding of plasmas.
The advantage of studying the effects on helium is obvious: the energy level
diagram and therefore atomic processes are easily comprehensible and sufficient
data, i.e. rate coefficients, exist for a reliable CR—model which is necessary to get
an insight in important plasma processes.

4.4.4 Identification of prefei'red diagnostic lines

In the case of helium, effective rate coefficients taken from ADAS were used to
determine 7T, from all six helium emission lines of the n = 3 — n = 2 transition.
Helium plasmas were analysed as a function of pressure, the results are presented
in Fig. 4.15. The results from the various lines differ and the difference increases
with decreasing pressure. Lines from the triplet system give almost identical
electron temperatures, but since the population density of the metastable state
in the triplet system must be known precisely, the triplet lines are very sensitivity
to the 23S and 2P populations. In the singlet system, the Heso; line is very
sensitive to opacity and therefore not suitable for T, diagnostics, as discussed

in the previous paragraphs. The Heros line gives the highest temperatures and.

the Hegq; line the lowest, which is due to the discrepancies between the CR-
model results and the measured values (Fig. 4.14). Nevertheless, the Hergg line
is preferred for T,—diagnostics since population of the the 3 1S state is robust
against variations of opacity and metastable state population, which means that
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Figure 4.15: Electron temperatures derived from siz helium lines (n = 3 —n = 2 transitions)
by using the ADAS CR-model which was adjusted to p =10 Pa.

data required for modeling populations are kept to a minimum. For comparison,
the equivalent line in the triplet system can be used. However, the higher T,
derived from Heqog suggest to scale the corresponding rate coeflicient by a factor
of 1.5. This factor would reduce T, of the Hergg line to the mean value of T,
derived from all triplet lines which are adjusted precisely to the measurements.
To avoid the scaling, a review of data implemented in the CR-model and new
calculations are in progress. However, in summary, the agreement between the
results of the various lines are within the expected limits. The deviations are in
the range of 0.3 eV, which is a very satisfying error range for the diagnostics of
T, in low pressure plasmas.

In the case of argon, lines orlgmatmg from the 2p; state, i.e. Arggy and Ar750m
are preferred for T,—diagnostics. The populations of the upper state are only little
influenced by cascading, and excitation out of metastable states can be neglected.
Since a complete CR—model was not available for the analysis, it has to be kept
in mind, that the results must be corrected for opacity which will reduce the T
obtained values.
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Chapter 5

Hydrogen and Deuterium

Plasmas

The application of atomic and molecular emission spectroscopy to laboratory plas-
mas and divertor plasmas and the results of this application will be presented in
the following sections. The diagnostics methods and the investigations of plasma
wall interaction in laboratory plasmas, i.e. mainly hydrogen and deuterium with
carbon surfaces, will be described.

Concerning the isotopes, the consequences of the different masses of the nuclei
have to be considered in the interpretation of atomic and molecular spectra. For
atomic hydrogen and deuterium isotope effects on the energy level diagram and
rate coeflicients is negligible and the same atomic CR-model can be applied to
both.

In contrast, although the electronic states and the potential curves are iden-
tical, molecules differ in their vibrational and rotational energies. The zero point
energy and the energy separation between vibrational states is lower for deu-
terium than for hydrogen. Therefore, deuterium has more vibrational levels in
each electronic state as hydrogen, e.g. the ground state of hydrogen has 15 vi-
brational levels in contrast to 21 for deuterium. Furthermore, rate coefficients
may show an isotope dependence for pure electronic transitions and are certainly
different for vibrationally resolved transitions. This is due to the difference in
energy thresholds and Franck-Condon factors. Thus, different CR-models have

to be used for the isotopes of the molecule. However, dependencies on rotational

levels are mostly neglected in CR—models.

~ Figure 5.1 shows schematically an energy level diagram of molecular and
atomic hydrogen. The ionization energy of Hy is 15.42 eV and that of H is 13.6
eV. The repulsive state in the triplet system of the molecule is the main channel
for dissociation into H atoms. The principal quantum numbers for the first two
states are labelled for the atom as well as for the molecule in the united atom ap-
proximation. The energy level diagram of the molecule splits up into singlet and
triplet states, n = 2 has three states in each multiplet system which are resolved
in the diagram, whereas n = 3 has six levels in each multiplet system, etc. In
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Figure 5.1: Schematic energy level diagram of molecular and atomic hydrogen. The 15 vibra-
tional levels of the molecular ground state are shown, whereas the vibrational levels of excited

states and the rotational levels are suppressed for clarity.

the ground state the vibrational levels are shown. They move closer with higher
vibrational quantum number. The notation for electronic states labels them in
alphabetical order, except X is used for the ground state. Capital letters are used
for the singlet system and lower case letters for the triplet system. Figure 5.2
shows potential curves of Hy, Hy and the negative ion H; which decays in H~ and
H. This figure, which is taken from [Sha71], gives also the complete spectroscopic
notation of the electronic states. The small dashes on the curves indicate the
vibrational levels.

Emission spectroscopy in the wavelength range between 120 and 900 nm (cov-
ered by the calibrated spectroscopic systems) enables the measurement of the
Balmer lines and the first Lyman line (L,) emitted from atomic hydrogen in the
plasma. Since the resonance line L, is directly influenced by opacity, quantitative
analysis is quite difficult, especially at poor spectral resolution. Therefore, this
line is not used for an analysis. The Balmer lines of deuterium are slightly below
the wavelength of the hydrogen lines and can be separated in the case of H,. The
fine structure is not resolved. '

For molecules, pure rotational and vibrational spectra would be in the infrared
or microwave wavelength region, but since the molecules are homonuclear, with
a non-permanent dipole moment, these transitions are optically forbidden. Se-
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Figure 5.2: Potential energy curves of Ho, Hf and Hy [Sha71].

lection rules are fulfilled only if an electronic transition takes place, which means
that electronic systems with vibrational bands and rotational structure are ob-
served. Details of diatomic molecular spectra are given in the book of Herzberg
[Her50]. In the visible spectral range transitions from the n = 3 into the n = 2
states can be observed.

The most prominent transition is the Fulcher transition (d°Il, —a *S}). Since
the corresponding potential curves are almost not shifted in nuclear distance,
Franck—Condon factors are high for diagonal vibrational bands. In the wave-
length region of 600 — 650 nm the diagonal bands v =" =0, 1, 2, 3, can
be observed. For higher vibrational bands pre—dissociation occurs. The vibra-
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Figure 5.3: Emission spectra of the Fulcher band (d°T1, — a ’%F) of Hy and Dy in an ECR
discharge (left column) and in a divertor plasma (Tight column). Some rotational lines of various
vibrational bands are identified.

tional bands are separated and the rotational lines can be clearly identified. The
most intense rotational branch is the Q—branch, whereas radiation of the P— and
R-branch is weaker. Examples of spectra for hydrogen and deuterium obtained
in the ECR discharge and in the divertor of ASDEX Upgrade are given in Fig.
5.3. The comparison demonstrates the different appearance of this band system,
which varies with rotational and vibrational population, spectral resolution and
disturbing lines in the background signals. In particular, in the case of the AS-
DEX Upgrade spectra, rotational lines with higher rotational quantum numbers
are more intense than in the ECR discharge which indicates a higher rotational
population of the excited state of the molecule. The alternation of rotational
lines, which is obvious in the first four Q-lines, is due to the effect of the nu- .
clear spin which implies a ratio of 1 : 3 and 2 : 1 for Hy and D,, respectively.
Since molecular hydrogen and deuterium spectra are multiple-line spectra, in
contrast to the heavier molecule Ny, transition lines are spread over a wide wave-
length range. The Fulcher transition with its various vibrational bands is the
most intense transition and therefore particularly suited for diagnostics at low
temperature plasmas, in both technical and divertor plasmas.
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For comparison some other transitions have also been measured. In the
VUV/UV spectral range, the Lyman bands (B'X} — X 'X}) and the Werner
bands (C 'II, — X 'X}) can be observed. Here, intense vibrational transitions are
overlapping in the wavelength range of 140 — 165 nm and 95 — 140 nm, respec-
tively. Since the transition probability of an electronic state is spread over into
the vibrational and rotational lines, opacity of resonance transitions in molecules
is weak and can be mostly neglected.

A prominent feature of spectra from hydrogen molecules is the hydrogen con-
tinuum originating from a transition of the a *¥} state into the repulsive b 3t
state. The continuum radiation is well-known from deuterium lamps used as a
continuum source for absolute calibration of radiation in the wavelength range
between 165 and 400 nm. The radiation of the complete system is spread over
the range 120 — 600 nm.

To get all the radiation of a whole electronic transition, the individual ro-
tational lines have to be summed up to give the radiation from the vibrational
bands which in turn have to be summed to give the total radiation. The total
radiation can be used for the determination of T, or ng,, np,. From the radi-
ation of the individual vibrational bands vibrational populations in the excited
state can be derived, whereas the analysis of rotational lines yields the rotational
population.

5.1 Collisional-radiative model

The interpretation of hydrogen radiation is supported by a CR-model for H,
and H. Comparing molecules with atoms, the number of excited states which
are to be considered in CR-models increases substantially due to vibrational
and rotational levels. Since vibrational states and rotational states of homonu-
clear molecules must not decay by spontaneous emission in the same electronic
state, the vibrational states in the electronic ground state have to be treated as
metastable states. In principle, molecules are faster in population equilibrium
than atoms, since more levels are available and the energy separation between
the levels is smaller. Furthermore, the transition probabilities of electronic tran-
sitions are split into vibrational bands and rotational lines, which means that the
decay of an electronic state becomes less important whereas the significance of
depopulation processes by electron impact increases. As a consequence, Boltz-
mann equilibrium among the excited states is obtained at lower electron densities
for molecules as for atoms.

In the CR—model of Sawada and Fujimoto [SF95] the electronically excited
states of the molecule are split into singlet and triplet states. Furthermore, some
levels of the molecule (in particular the repulsive state b3 are connected to
the model for atomic hydrogen. Thus allows the modeling of loss processes for
molecular population as well as the gain for the atomic population. Each multiplet
consists of 40 electronically excited states and the n = 2 states are resolved into
their electronic states. The basic energy level diagram is shown in Fig. 5.1.
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The ground state in the singlet system is vibrationally resolved (15 levels). In
all other electronic states the vibrational and all rotational levels are neglected.
As a consequence, a calculation of vibrational population in the ground state is
independent of the population of excited states. The rate coefficients, which are
input data for the model, are based on the data compiled in the book of Janev
[JLEP8&7].

For the calculation of vibrational populations in the ground state of the
molecule and effective rate coefficients which depend on the vibrational popu-
lation, four reactions are included, namely:

Hy(v)+e” — Hy — Hy(w #v) +e” electron excitation (5.1)
Hy(v) + e~ — Hy(b) +e” = H+H+e” dissociation (5.2)
Hy(v)+H" — Hf + H ion conversion (5.3)
Hy(v)+e — Hy = H +H dissociative attachment (5.4)

The first reaction is in principle a populating process, whereas reactions (5.2) —
(5.4) depopulate the vibrational levels. Some rate coefficients implemented in the
CR-model and extrapolated rate coefficients for higher vibrational levels have
been revised by Greenland and Reiter [GR96]. This state of the model is called
the original version of the CR-model throughout the report.

In a next step the model was extended by a new reaction channel, i.e. the
electron impact excitation into the singlet states B!} and C!II,, which is
followed immediately by radiative decay:

Hy(v) + e~ — Ho(B,C)+e — Ho(w) +e + hv (5.5)

The data for reaction (5.5) were taken from Celiberto et al. [CJ95]. Because of
difference in positions of the minima of the of the lower and both upper potential
curves the repopulation is influenced by the Franck—Condon factors, which prefer
the population of higher levels, i.e. v > 5. In addition, new vibrationally resolved
data exists for some reactions and have been implemented in the code. In order
to predict vibrational populations for Dy as well, the model was further extended
by implementing data for the five reactions in Dy, mainly based on the data taken
from [CLC*99] and using extrapolation formula as suggested in [GR96].

In the case of boundary layer and divertor plasmas in fusion experiments,
electron collisions are the dominant population and depopulation mechanism for
the vibrational levels. Therefore, the aforementioned set of reactions ((5.1)-
(5.5)) is sufficient for calculating vibrational populations. However, heavy particle
collisions and depopulating wall collisions are important for applications in low
pressure, technical plasmas. To get an insight into the influence of these kind
of reactions on the populations, two typical reactions for each process have been
optionally included in the model, namely:

Hy(v) + Hy — Ha(v — 1) + Hy heavy particle collision (5.6)
Hy(v) + wall = Hy(w < v) + wall wall collision (5.7)
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These reactions are independent of T, and lead to a strong depopulation of vi-
brational levels.

This state of the model is called the modified version and is described in detail
in [WF01] and [FHWO1]. During the revision of the original model it was found
out that the lifetimes of the first two electronic states (c®II, and a°%}) had to
be corrected. This is specially important since the vibrational level v = 0 of the
¢ 311, state is metastable.

The CR-model is used to calculate population coefficients of excited states
which are coupled to the species Ho, Hy, H™ for molecular populations and Hy,
Hj, H, H* for atomic populations. According to [Gre01] these particle densities
belong to the P—space, i.e. slow particles, whereas the excited states belong to the
()—space, i.e. fast particle species. As a consequence, the matrix which solves the
coupled system of equations in a CR-model is divided in these two spaces [Gre01].
Since the vibrational levels in the ground state can be treated as metastable, they
belong to the P—space. _

For calculations of population densities and effective rate coefficients of molec-
ular states and transitions, the modified version of the CR—model is used. Fur-
thermore, it is applied for the prediction of vibrational populations in the ground
state of Hy and Dy in divertor plasmas. As mentioned before, in technical plas-
mas numerous heavy particle and wall collisions depopulate the vibrational levels
which are not considered explicitly in the code so that predictions are not reliable
in this case.

For atoms, the H-model has been used in a variety of applications (e.g.
[FMS88, FST89, SEF93]) for diagnostics of fusion experiments, but because of
the increasing importance of opacity in both detached divertor plasmas and tech-
nical plasmas, the ADAS package is to be preferred. Additionally, the input data,
i.e. rate coefficients, of the ADAS code was recently updated.

5.1.1 Population of excited states

For diagnostics of molecules the Fulcher transition (d°Il, — a®Xy) is commonly
used. In principle, the band intensity depends on the population density of the
n = 3 state, which is unfortunately not resolved in the CR-model. Since the six
levels are energetically close together, the population distribution amongst them
is dominated by the statistical weights of the respective electronic states. The
gain and loss processes into and from the n = 3 state are shown in Figs. 5.4 and
5.5 as a function of electron density at T, = 3 eV. On one hand, this temperature
is typical for technical plasmas, but at higher T (2 10 eV, e.g. in the plasma edge
of fusion experiments) the molecules ionize and dissociate rather than radiate.
In Fig. 5.4 the contributions to the n = 3 population from the ()-space and the
ground state are given. Even at very low n, excitation out of the ground state is
not the only process for populating n = 3. Approximately 20% of the population
is due to cascading from higher excited states. With increasing electron density
the ¢3T1, state becomes more and more important because of its long lifetime of
40 ps followed in importance by the a %] state, with a lifetime of 7 ps. Typical
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Figure 5.5: Depopulation processes of singlet and triplet states of Hy into the P—space.

lifetimes of other excited states are some ten of ns. This means that in technical
plasmas the upper Fulcher state, d®I1,, is populated in comparable portions by
ground state excitation and excitation out of the c3IL, state. In contrast, at
divertor conditions (n, ~ 102 m™%) excitation out of the metastable state is
dominant. Concerning the loss processes, the triplet states decay almost totally
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Figure 5.6: Emission rate coefficients of the Hy-line for direct (H) and dissociative (Hs)
excitation as well as for a combination of both, which is defined by the dissociation degree §.

into the repulsive b 32 state and dissociate, which is shown in Fig. 5.5. Ionization
out of excited triplet states becomes important at densities above 10 m™3. The
decay of excited triplet states into the ground state is a process of minor in
contrast to the decay of excited states in the singlet system. This emphasizes
the significance of the contribution of excited triplet states to H atoms with an
energy gain per particle of ~ 3 eV from the dissociation of the b®<} state, which
is the so—called Franck—Condon energy. Higher excited states contribute to the
population of excited H atoms, whereas singlet states are not of importance for
dissociation. - » - . '

The population mechanisms from the P-space into the n = 3 state of the
atom are presented in Fig. 5.6 for parameters of technical plasmas. The effective
emission rate coefficient for the H, line originating only from the H atom is the
largest one. The enhancement by opacity of Lyman lines is given by the dashed
curve and will be discussed in detail in Sec. 5.2.1. The rate coefficient for disso-
ciative excitation of the molecule into the excited state of the atom is is a factor
of 50 — 100 below the rate coefficient for direct excitation. However, if molecules
are the dominant species in the plasma, the contribution of this excitation mech-
anism to the population of n = 3 can be substantial. The combination of both
excitation processes is characterized by the degree of dissociation in the plasmas,
which is typically around a few percent. As shown in Fig. 5.6 the contribution
of direct excitation to the H, radiations becomes important if § > 1%. This
limits the sensitivity of the atomic hydrogen density diagnostic of the H, line
(Sec. 5.2.1).
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Figure 5.7: Electron density dependence of the rate coefficient for Fulcher radiation calculated
by the CR—model. For comparison ezperimental data of X5 [MHT6] is given.

5.1.2 Electron density dependence

As a result of CR—model calculations, emission rate coefficients depend not only
on 7T, but also on n,. Figure 5.7 shows examples for the emission rate coefficient of
the Fulcher transition Xpy(7,) at various electron densities. The rate coefficient
is calculated from the molecular n = 3 population density: Xpy(Te, ne) = n(3) x
2/9 X Apui/ne/nm,, with ng, = 1. The ratio 2/9 is the ratio of the statistical
weights of the d3II, state to the sum of all six n = 3 states. The lifetime of
the upper Fulcher state is 40 ns, corresponding to the transition probability of
2.5 x 107 s7!. If only a few vibrational bands are observed in the plasma, the
branching ratio of the measured to all possible vibrational transitions has to be
taken into account as discussed in Sec. 3.6. In the case of vibrational transitions
v' =" =0 — 3 this ratio is 19.1/50 for Hy and 11.3/50 for Dy. Rate coefficients
shown in Fig. 5.7 refer to the whole band system. At low n, (up to 10'® m~?)
the effective emission rate coefficient is almost identical with the rate coefficient
used in the corona case (excitation out of the ground state only), i.e. X°®¢. For
higher n, the effective emission rate coefficient first increases, which is due to a
growth of cascading processes from higher levels and excitation out of the c 311,
and o °S] states. Above n, > 10 m™ the effective rate coefficient is falling off
again, e.g. a factor of two between 10'® and 10" m™®. For higher densities the
decrease becomes even stronger. This behaviour indicates that the population of
the electronic states approaches a Boltzmann equilibrium where the population
is proportional to 1/n,. As a consequence, in the analysis of measured molecular
radiation for diagnostics in divertor plasmas with typical electron densities of
10'8 < n, < 102 m~3, the electron density has to be known precisely.
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Figure 5.7 highlights a common problem in the evaluation of spectroscopic
data: which excitation rate coefficient or cross section from literature should be
used for the analysis? Often rate coefficients differ by a factor of two to ten for
the same transition which is due to different methods used for the determination
of the cross section, i.e. experimental measurements depend on the experimental
method (apparatus) and theoretical calculations depend on the underlaying the-
oretical model. In the case of the CR-model, theoretical data were used as input
data. Here, the rate coefficients are based on the calculations of Miles [MTGT72]
(labelled by X©*¢). Experimental cross sections for the first four diagonal Fulcher
bands are given in [MH?76] resulting in the rate coefficient: X°*¢ exp. data. A
comparison yields a difference of a factor of four. This fact should always be kept
in mind in the evaluation of data. On the other hand, if the plasma parameters
and the molecular density are known precisely, the proper rate coefficient can
be determined from the measurements. Preliminary results confirm the rate co-
efficient of Miles which is implemented in the CR-model. Nevertheless, further
detailed investigations must be carried out in various experiments which should
cover a wide electron density range.

5.1.3 Influence of vibrational population on rate
coefficients

Vibrationally excited molecules can, on the one hand, increase rate coefficients
for processes such as ionization and dissociation, or, on the other hand, take part
in reactions which are resonant with selective vibrational states. The increase of
the rate coefficients is due to the reduction of the threshold energy (= 0.5 eV
per vibrational level in Hy). Furthermore, a shift of the maximum cross section
to lower energies coupled with an enhancement of the cross section itself can
occur. This was calculated recently for the electron impact excitation of the
repulsive state b3X+ [ST98]. Since the calculations are based on the R-matrix -
method, the results are very precise for low electron energies, in particular around
the threshold energy. Maxwell convoluted dissociation rate coefficients for the
vibrational levels v = 0 and v = 4 of the ground state into the repulsive state are
shown in Fig. 5.8 (Tennyson data). The enhancement of the rate coefficient is a
factor five at low T, (~ 3 eV) and a factor two at higher T,. Data of Celiberto
[CLCT99] result in nearly the same rate coefficient for v = 0 but the enhancement
with increasing v is weaker. These calculations are based on the Gryzinski method
in which the accuracy at low electron energies is lower than the accuracy of the
R-Matrix method. In addition, for v = 0 data taken from the book of Janev
[JLEP8T] are plotted. These data give highest values, however, they are based on
Born—Ochkur-Rudge extrapolations (valid for the high energy range) and consider
cascading from a 32; and ¢ 311, states and apply an averaged energy threshold for
these states. Furthermore, Janev’s data must be extrapolated to the vibrational
levels v > 0 which was done in the original version of the CR-model. In the
modified version, data of Celiberto were implemented since the corresponding rate
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Figure 5.8: Rate coefficients for dissociation of Hy(X,v = 0,4) into H + H via the repulsive
state b 357 taken from Tennyson [ST98], Celiberto [CLC* 99] and Janev [JLEP8T].

10-13 T T T T T T T T T T T T T T T T 3

1014 |- \ ]
10715 / 2 .

— 10:165‘ _________________ ;
%) E T3
«E ak 3
£ 10 V=0 "‘
;j 1018kl v=4 Hy(v) + e —H + H’ 3
< F ]
10719 ¢ E
10720 ;/f 3
10_21)- PSRN NS N U SR R SR ST R S S R ]

1 2 3 4 5 6 7 8 9 10

T, [eV]

Figure 5.9: Rate coefficients for dissociative attachment and ion conversion as implemented
in the modified version of the CR—model for different vibrational levels of Ha.

coefficients are compiled for Hy and Dy. By applying the data of Tennyson, the
model calculations will yield higher degrees of dissociation and lower vibrational
populations.

Ton conversion (5.3) and dissociative attachment (5.4) are reactions which are
very sensitive to the vibrational state of the molecule and become important in
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plasmas for the vibrational level v = 4 and v = 6 for Hy and D, respectively,
because of resonant enhancement. Ion conversion is negligible in technical plas-
mas due to a low H™ density, whereas in detached divertor plasmas this is the
main channel for producing molecular ions which then take part in further reac-
tions and contribute, for example, to the molecular assisted recombination (Sec.
5.3.5). In Fig. 5.9 rate coeflicients, as implemented in the modified version of
the CR-model, are compiled for v = 0 and v = 4 of Hy. The rate coefficients
of ion conversion out of the level v = 0 is enhanced by a factor of = 100 if the
level changes to v = 4. For higher v’s the rate coefficient decreases again. In
contrast, the rate coefficient for dissociative attachment increases continuously
with increasing vibrational quantum number but slows down for larger v. The
enhancement of the rate coefficient for v = 4 over that for v = 0 is remarkable
(nearly four orders of magnitude). In summary, Figs. 5.8 and 5.9 demonstrate
the strong influence of vibrational population on rate coefficients and emphasize

the necessity of knowledge of the vibrational populations in the ground state of
H, and Ds. '

5.2 Laboratory plasmas

The dominant neutral particle species in low pressure, low temperature hydrogen
plasmas is molecular hydrogen. Typical degrees of dissociation are around one
percent. The particle densities can be determined by using a residual gas analyser
(Hy, Dy) or emission spectroscopy (Hz, Do, H, D).

The measurement of the ion composition is more complicated. Ion densities
can be measured directly with conventional energy resolved mass spectrometers,
except for HT, which requires improved systems. Therefore, calculations of par-
ticles densities, as described in Sec. 2.3.1, can be utilized for the determination of
the ion composition. For each of the three possible ion particle species, i.e. Hy,
HJ and H*, the loss and gain processes were balanced by taking into account
ten reactions and diffusion losses. The rate coefficients were taken from [Rei00]
which is a revised and supplemented compilation of data from the book of Janev
[JLEP87]. The selection procedure was according to the magnitude of the rate
coefficient. Two of the eight electron impact reactions are ionization of H and
H,, followed by dissociative ionization of Hs, dissociation of Hi and recombina-
tion of H*, as well as ion conversion which is a heavy particle collision. The
dominant reaction which leads to the formation of the Hi ion is a heavy particle
collision: Hy + Hy — Hf + H (X ~ 1075 m3/s). The two loss processes for this
density are electron impact dissociation into H atoms and hydrogen molecules.
The reactions are listed explicitly in [WF01] which also describes the developed
computer program KALLIOPE. Results for the ECR discharge in hydrogen are
shown in Fig. 5.10 depending on the pressure of the discharge. T, and § which
are input parameter of KALLIOPE were taken from measurements in a mixture
with a small amount of He as diagnostic gas. As expected, the dominant ion
species is Hy, whereas the density of Hj is one order of magnitude lower. The
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Figure 5.10: Calculated ion densities of hydrogen in the ECR hydrogen plasma as a function
of pressure at n, = 107 m™%, 6§ =0.33% and T, =2 — 3 eV.

H* ion density is negligible in comparison to the other ion densities and therefore

not relevant in technical plasmas.

In the following sections, results of measurements in laboratory plasmas will
be presented. In general, helium was used as diagnostic gas (1) and to vary T,
actively by changing the admixture of He.

5.2.1 Interpretation of Balmer lines

The atomic hydrogen density in technical plasmas was determined from the ra-
diation of the Balmer lines. First of all, the dominant excitation mechanism was
identified which was followed by a detailed analysis of the influence of opacity of
the Lyman lines on the population of the upper states of the Balmer series.

Dissociative excitation

Dissociative excitation from molecular hydrogen into the excited states of atomic
hydrogen can be the dominant population channel, particularly, at very low de-
grees of dissociation. Since the ion densities are approximately three orders of
magnitude below the atomic hydrogen density, due to an ionization degree of
10~% and dissociation degree of 1%, contributions from dissociative excitation
of the ions, in particular Hj is negligible. The contribution of dissociative ex-
citation to atomic population was already mentioned in Sec. 5.1.1 but will be
discussed in more detail here. Figure 5.11 shows the rate coefficients of direct
excitation [Sum99] and dissociative excitation [MHL77] for the first three Balmer
lines. While the rate coefficients of direct excitation are identical for hydrogen and
deuterium, the rate coefficients of dissociative excitation are lower for deuterium

T e e e e
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Figure 5.11: Emission rate coefficients of the first three Balmer lines for hydrogen and deu-
terium originating from direct and dissociative excitation.

than for hydrogen. In addition, dissociative excitation becomes less important for
the higher quantum numbers. In principle, rate coefficients for dissociative exci-
“tation are two or three orders of magnitude lower than those for direct excitation.
Assuming a degree of dissociation of 1% the contribution from the molecules to
the radiation of Balmer lines is 50% — 10%. Therefore, dissociative excitation
has to be taken into account in the analysis of the Balmer lines.

Opacity

The influence of opacity of Lyman lines on hydrogen excited state population in
technical plasmas is discussed in detail in [BF00]. The escape factors, introduced
and defined in Sec. 2.2.4, have been calculated for the requirements of the ECR
plasma: Doppler profile and cylindrical geometry in a homogeneous plasma. For
the calculation of effective rate coefficients the CR-model ADAS was used. The
standard input file, necessary to run ADAS, contains the direct rate coefficients
and was extended by the rate coefficients for dissociative excitation. This allows
the calculation of the molecular contribution to the Balmer radiation. The cor-
rection factors for opacity are shown in Fig. 5.12 for each Balmer line at n, = 10%
m=3 and T, = 2 eV. They are valid for a 1 eV Doppler profile and have to be
scaled to the actual T,. Because of the mass dependence of the absorption coeffi-
cient, an additional scaling is necessary for deuterium. Kgps depends on electron
density and on electron temperature, the last one is of minor importance. Since
dissociative excitation is included in ADAS, correction factors were also obtained
for the molecular part, which are quite similar to the factors for the atoms. It is
obvious that H., is much less affected by opacity than Hg or Hq. This, together
with the significant lower influence from dissociative excitation on population,




94 Chapter 5. Hydrogen and Deuterium Plasmas

. L Te=2eV
n_ =
12
Q
©
X
5 af
&)
8
c
2
G
 2r
S
(]
4
1018

Figure 5.12: Correction factors for three Balmer lines due to opacity of Lyman lines adjusted
to the parameters of the ECR discharge.

prefer H, as the diagnostic line for the determination of atomic hydrogen den-
sities. Nevertheless, the following results were taken from the analysis of each
of these Balmer lines to demonstrate the influence of opacity and dissociative
excitation for each line separately. In addition, line ratios were used to determine
the degree of dissociation.

Results for atomic densities ,

Detailed investigations were carried out in the ECR discharge [BF00]. The atomic
density was determined in various hydrogen and deuterium plasmas with helium.
The atomic density is related to the measured intensity, e.g. for H,, by:

Np, = nmneXil,u, (T.)
NeX ;—IfiHa (Te)

(5.8)

nNg =

X;};’; 1., (T.) is the effective rate coefficient for dissociative excitation of H, from
H,. For the analysis, T, was taken from the Herqg line for which opacity of the
helium resonance lines was taken into account. Since helium reveals information
about the high energy range (=~ 20 eV) of the electron distribution function,
whereas hydrogen represents the energy region around 10 eV, deviations from
a Maxwellian EEDF would result in atomic densities which are too high. On
the other hand using argon as diagnostic gas, a method commonly known as
actinometry, will solve this problem but raise another problem: excitation transfer
from argon to Balmer lines, i.e. the Balmer lines are enhanced selectively. In
addition, helium is the better actinometer for the dissociative part of excitation,
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Figure 5.13: Measured atomic hydrogen densities in a 10%Hy(Dy)/He mizture (ECR dis-

charge) with and without taking into account opacity of Lyman lines.

which has a threshold energy of about 18 eV. Applying the spectroscopic method
for the determination of EEDFs by using a small admixture (1%)) of argon for
this purpose only, the results justify a Maxwell distribution up to mixtures of 50%
hydrogen. For higher admixtures of hydrogen to helium, deviations occur, the
resulting fit coefficient v for the EEDF is then around 1.5. Figure 5.13 give results

of a 10%H,/He and 10%Dy/He mixture with and without taking into account .

the optical thickness of the Lyman lines. Under the assumption of optically thin
plasmas, the Balmer lines give different atomic densities, particularly the results
from H, deviate. The discrepancy is somewhat larger for deuterium than for
hydrogen (smaller Doppler profiles, higher reabsorption).



96 Chapter 5. Hydrogen and Deuterium Plasmas

Taking into account the influence of optical thickness the evaluation leads to
consistent results. The parameters for the correction of optical thickness were as
follows: cylinder geometry with b = 5 cm, Doppler profile with 7T,” = 700 K
(line width due to thermal motion and fine-structure), parabolic spatial profile
for emission and atomic mass m = 1 for H, m = 2 for D. In a first step the H, line
was used for calculating the ny density. This line is least influenced by opacity.
Using this density, the correction factor for the excitation rates K, was deter-
mined from Fig. 5.12 and scaled to the lower gas temperature. Subsequently, the
correction was applied to the radiation of all lines. In plasmas with 10% Hs or
D, dissociative excitation contributes less than 20% or 8% to the measured radi-
ation, respectively. Therefore, the correction to the molecular part is relatively
uncritical. Evaluating the measured data consequently by the described proce-
dure, densities derived from all three Balmer lines agree well for both hydrogen
and deuterium. In the cases shown, H, or D, could be used directly because
these lines contain the smallest molecular contribution and are least affected by
opacity. However, they are the weakest lines and, depending on the ionization
balance, they are most susceptible to recombination and are very sensitive on
electron density. For higher admixtures of hydrogen, the molecular contribution
to the radiation is much higher and the error bar of the atomic density increases
significantly due to the substraction of two large values in Eq. 5.8.

5.2.2 Degree of dissociation

The dissociation degree in the 10%Hs;(Dy)/He mixtures was 4% — 6% for hydro-
gen in the pressure range of 4 — 18 Pa and slightly higher (5.5% — 7.5%) for
deuterium due to a higher dissociation cross sections for deuterium than for hy-
drogen [CLCt99]. Since the molecular contribution to the line intensity increases
with higher hydrogen contents in the plasma, the determination of the dissocia-
tion degree from absolute line intensities becomes insensitive and can be replaced
by the evaluation of line ratios. The Hy to Hp line ratio is given by:

Ny, ng XL () + n, X (T2)

Vo _ DH2 : (5.9)
Ny nHXIj—];HB (Te) + nHzXHJ;{—)HB (Te)

B

with upper and lower limits for pure molecular and pure atomic excitation. The
measurements are expected to be between these two limits, which are plotted
in Fig. 5.14 for the line ratios H,/Hs and Hy/H,. Theoretical line ratios are
included also for different degrees of dissociation (§ = 0.1%, 1% and 5%). The
ratios depend on Ty, but to a much lesser extent than the results in Eq. (5.8).
Line ratios were measured in a various mixtures of hydrogen(deuterium) with
helium and are shown in Fig. 5.14. Here, again the influence of optical thickness
is quite important and was taken into account in the analysis. The results are
precisely in the expected range and can be interpreted in terms of dissociation
degree 6. Both measured line ratios (H,/Hp and H,/H,) yield quite consistent
results for the dissociation degree in hydrogen and deuterium plasmas. The line
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Figure 5.14: Balmer line ratios of Hy(Dy)/He miztures at various pressures of the ECR dis-
charge (M: 10%, A: 20%, V: 50%, o: 80%, %: 90% molecules in helium) together with
calculations for various degrees of dissociation.

ratio method is apparently sensitive in the range between about 0.1% and 5%
dissociation degree, but requires very accurate measurements of line radiations.
An estimated uncertainty in relative calibration of ~ 10%) already leads to an
error bar of a factor of two or more in §. The H,/H, ratio is superior, however, it
becomes very dependent on electron density at higher n.. In deuterium, the ratio
of atomic and molecular excitation differs from that of hydrogen, which means
that the results from the line ratio method have a higher accuracy in the case of
deuterium.

A summary and comparison of the two methods for measuring the dissociation
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Figure 5.15: Comparison of results for the dissociation degree from absolute line intensities
(average of Hy, Hp and H,) and from line ratios (average of H./ Hg and H,/H,).

degree is shown in Fig. 5.15 for the discharge pressures of 4 and 7 Pa. The
degree of dissociation varies in a wide range depending on the molecular mixture:
0.1% < 6 < 10%. Considering the limited sensitivity and the experimental
uncertainties, the results agree very well. When comparing the data, it must
be kept in mind that the line ratio method is no longer suitable for diagnostics.
above a few percent for 0 and the absolute measurements are superior. On the
other hand, at dissociation degrees of the order of 1% or less, two comparable
number must be subtracted in the latter case, substantially increasing the error
bars. Assuming 10% accuracy for the rate coeflicients, plus 10% for the system
calibration and the spectral line integration of H and He lines, the error bars are
a factor of two or three for the results.

5.2.3 Atomic hydrogen fluxes

In the ICP discharge atomic hydrogen fluxes were obtained by measurements of
atomic hydrogen densities above a surface. For this purpose, additional material,
with the chamber size as diameter, was installed in the centre of the discharge
z = 0 (Fig. 2.7). This allows space resolved measurements of the Balmer lines
in the z—direction, because the substrate influences the plasma homogeneously in
radial direction, which is the line of sight. Electron densities profile were measured
by the Langmuir probe system in z-axis using a small hole in the substrate.
Measurements were carried out in 10%H(Ds)/He mixtures at a pressure of 20
Pa and an input power of 250 W. Since the gas temperature is 650 K, the results
refer to a substrate temperature of 650 K. The sheath potential is around 10 eV
which represents the energy of the ions (mass one) bombarding the surface. The
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Figure 5.16: Atomic hydrogen densities above a surface iﬁtroduced in a hydrogen and deu-
terium plasma (10%Hs (D2)/He) in the ICP discharge at 20 Pa. Symbols refer to the three
Balmer lines which were fitted by a regression line.

degree of dissociation in these mixtures is around 10% which yields together with
an ionization degree of 107° a ratio of atomic to ion density of approximately
100. The atomic densities of H and D in the plasma were determined by emission
spectroscopy of the Balmer lines H,, Hg and H,. In the analysis of line intensities,
opacity of Lyman lines and dissociative excitation were taken into account as
described in Sec. 5.2.1. Space resolved measurements above a surface were carried
out by moving the lens of the imaging system vertically. A spatial resolution of
2 mm was achieved.

Results were obtained for high—grade steel and fine-grain pressed graphite as
shown in Fig. 5.16 for hydrogen and deuterium plasmas. For comparison, atomic
densities without an additional surface in the centre of the plasma chamber were
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also measured. The densities derived from the three Balmer lines are in very good
agreement for either isotopes. As already shown in ECR discharges deuterium
plasmas have a higher degree of dissociation. The absolute values as well as the
slope of a regression line through the measured points change with the material.

To get fluxes from the measured densities, a simplified theoretical description
of the motion of the neutral particles in the plasma chamber is used. In station-
ary plasmas the motion of the particles is forced by a density gradient and the
particle motion can be described by diffusion. A one-dimensional model gives a
linear decay of the density towards the vessel walls. Sources lead to a curvature
of the straight line and result in a reverse parabola with the maximum at the
centre of the chamber, if the atoms are produced homogeneously in the whole
chamber and recombine completely at the chamber walls. However, in the ICP

discharge the plasma parameters vary in z—direction so that production of par- -

ticles via dissociation of molecules is different in each radial disc of the plasma.
Furthermore, reflection coefficients of surfaces influence the density profile. On
the other hand a diffusive flow is justified at a pressure of 20 Pa which was used
for the investigations. The density profile which is shown in Fig. 5.16 covers only
2 cm in z-direction (from the centre to the quartz plate), whereas the chamber
is 10 cm in height. The strongest inhomogeneities in particle production are di-
rectly below the quartz plate which is located at 5 cm. Therefore it is assumed
that the particles in the observed plasma volume are produced homogeneously
so that a linear density gradient is expected as confirmed by the measurements.
An additional surface in the centre of the plasma at z = 0 will influence only
the density close to the surface. Measured densities are obtained at a distance
above 2 mm from the surface (limited by the lines of sight) and the pronounced
influence is not visible in Fig. 5.16.

For the evaluation of atomic fluxes from the space resolved densities, the
diffusive flux is applied which is proportional to the density gradient:

= %TZE D,  diffusive flux (5.10)
with the diffusion coefficient for neutral particles D,(Dgy = 4.3 m?/s, Dp = 3.3
m?/s at p = 20 Pa and T, = 650 K).

The atomic flux in the 10%H5(D3)/He plasma at 20 Pa was determined to be
'y =Tp = 2.6 x10% m~2 s7! without an additional substrate in the chamber.
The gradient is getting smaller by introducing high—grade steel, or even more
drastically by introducing graphite, and the effective fluxes decrease (Tab. 5.1).
It must be kept in mind, that the diagnostic method makes no difference between
particles flowing onto the surface and particles coming from the surface.

If the mean free path is shorter than the distance of the line of sight to the
surface, the particle motion must be described by molecular flow. Therefore, the
absolute value of the atomic density close to the surface yields the molecular flux:

= nHrU—Zi molecular flux (5.11)
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material isotope | Tairs. [m™2 87 | Natom [M™°] | T, [m=2 57!

- H 2.6 x 102 - -

- D 2.6 x 10% - -
high-grade steel | H 2.5 x 10% 1.0 x 10*° 9.2 x 10%
high—grade steel D 1.6 x 10% 3.6 x 10% 2.3 x 10%2

graphite H 1.6 x 10% 1.8 x 10%° 1.7 x 1022
graphite D 0.9 x 10% 2.8 x 10%° 1.8 x 10%

Table 5.1: Atomic hydrogen fluzes determined from diffusive and molecular particle flow.

with the mean particle velocity vy, (v (H) = 3700 m/s, vy (D) = 2600 m/s at
T, = 650 K).

The mean free path at 20 Pa is & 1 mm, whereas the first line of sight refers
to 1 — 2 mm above the surface. The densities at 2 mm and the molecular fluxes
obtained with these densities are compiled in Tab. 5.1.

The molecular fluxes are always considerably higher (an order of magnitude)
than the diffusive fluxes. Since the mean free path of the particles is lower than the
spatial resolution of the measured densities, the transition regime from diffusive
to molecular flux in front of a surface is not observed well enough. Here, the
spatial resolution has to be enhanced or the pressure has to be lowered which
results in longer mean free paths. As a consequence, the measured molecular
fluxes do not represent the particle flux which flows to the surfaces. However, the
diffusive flux represents the atomic hydrogen flux in the plasma.

5.2.4 Reflection coefficients

In principle, measurements of diffusive fluxes in the plasma and molecular fluxes
onto surfaces enable the determination of the reflection coefficient for particles on
surfaces. The reflection coefficient R is then given by: R = (Uymor. — Daifs.)/Tmol.-
The fluxes compiled in Tab. 5.1 result in R = 73% for H and R = 93% for D in
case of high—grade steel and R = 91% for H and R = 95% for D in case of graphite.
As discussed in Sec. 5.2.3, the molecular fluxes onto additional surfaces in the
ICP discharge were not obtained precisely enough and the reflection coefficients
represent an upper estimation. However, the diffusive fluxes and the atomic
densities are clearly influenced by the surface and show in particular differences for
the isotopes: atomic hydrogen and atomic deuterium. The atomic densities close
to the surface increase whereas the diffusive flux decreases. This indicates that the
surface reflects the atomic particles to a considerable amount. Furthermore, the
diffusive fluxes in the plasma without an additional surface are the highest atomic
fluxes and are equal for the isotopes. A comparison of diffusive fluxes with and
without an additional surface in the plasma, gives an lower approximation value
for the reflection coefficients of atoms for surfaces: R = (I' = I'materiar) /T Thus,
the following reflection coefficients are obtained: R = 5% for H and R = 40% for
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D in case of high-grade steel and R = 40% for H and R = 65% for D in case of
graphite.

In general, reflection coefficients of graphite are higher than reflection coef-
ficients of high—grade steel. Furthermore, a clear isotope effect is observed. In
addition to the dependence of R on material and isotope a dependence on sub-
strate temperature, hydrogen flux and hydrogen energy may be added. Few data
is available concerning reflection or adsorption of hydrogen atoms on surfaces
at low energies. In [VWH99], reflection coefficients are given for both isotopes
for various graphite surfaces which are measured to be between 65% and 90%
(time-of-flight measurements). There, no variation with substrate temperature
was observed. The neutral particle beam temperature was 2400 K which is higher
than the gas temperature of the experiment here. On the other hand, calculated
reflection coefficients decrease to zero at energies below 1 eV. A comparison of
measured data and a discussion of the effects can be found in [VWH99].

Reflection coefficients of atoms are important to know for a variety of plasma
and surface parameters, since on one hand they are used in plasma edge codes for
fusion experiments (modeling of hydrogen recycling) and, on the other hand, they
influence the modeling of the atomic hydrogen density in technical plasmas, i.e.
they increase the degree of dissociation. In the first case, as an example, hydrogen
atoms can be reflected as atoms or as molecules, a fact which was measured to be
dependent on the surface temperature [PMS*99]. The higher the temperature the
more atoms leave the surface. In technical plasmas, the temperature and material
dependence of R can be used to increase actively the degree of dissociation in order
to improve, e.g., the formation of thin films [OSS95]. The lower the temperature
of the surfaces, the higher is the degree of dissociation.

5.2.5 Particle densities and molecular radiation

For the determination of molecular hydrogen densities the radiation of a variety
of molecular bands is available. Here, selection criteria are as follows: strong
intensity of the emission band, clear identification and separation of rotational
lines and/or vibrational bands and the knowledge of emission rate coefficients. As
mentioned before, the Fulcher transition (d®Il, — a®%}) is in particular suited
for diagnostics but difficulties arise concerning the selection of the proper rate
coefficient (Sec. 5.1.2). Further candidates for diagnostics are the Werner band
(C'IL,— X 'S§, 90—140 nm), the Lyman band (B 'ZF —X 'Y, 140 to 165 nm),
the hydrogen continuum (a %} — b®S) which is most intense and undisturbed
between 165 and 300 nm, and the singlet transition around 460 nm (GIZ;L -
B, only one rotational branch of the vibrational band 0 — 0). For all of these
bands cross sections or rate coefficients are given in literature. However, in the
following discussion the data, which were already implemented in the modified
version of the CR-model, were used to take into account other population mech-
anism than only the ground state excitation. For deuterium, the same data were
applied corrected by the corresponding Franck-Condon factors. Measurements
were carried out in the ECR discharge at various pressures and mixtures with
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Figure 5.17: Densities of molecular hydrogen in a 10%H,/He ECR plasma measured with the
residual gas analyser and by emission spectroscopy of various molecular bands.

helium. Using the effective rate coefficients taken from the CR-model [WF01]
and using T, from the analysis of the Herog line, the molecular density was deter-
mined from each measured band individually. In addition, the molecular density
was measured with the residual gas analyser.

Figure 5.17 shows the results of a 10%H,/He plasma, which is representative
for all investigated mixtures as well as for deuterium. The results from each band
differ by a factor of three and show slightly different dependencies on pressure
in comparison with results from the residual gas analyser. Since the residual gas
analyser provides the most reliable molecular density, either the rate coefficients
of the bands in question are not precise enough or additional population and
depopulation processes occur which are not included in the CR-model. Such
processes may be heavy particle collisions like quenching or excitation transfer
with resonant energy levels, i.e. repopulating processes.

Repopulating processes -

In order to investigate quenching or excitation transfer of individual states, the
Fulcher transition and its competing transitions with almost identical energy
levels of the upper and lower state were recorded in the MW discharge in a broad
pressure range [HFBO00, Heg02]. Figure 5.18 represents a magnification of the
energy level diagram for the n = 3 and n = 2 states of the triplet system of
molecular hydrogen. The transitions of four measured bands are indicated with
an arrow and were abbreviated, namely: d—a, which is the Fulcher transition and
g—c, i—c, j—c with the same final level. They emit all in the wavelength region
of the Fulcher transition. In the CR-model the n = 3 state is not electronically
resolved. However, its population or the effective rate coefficient can be derived
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taking into account quenching processes.

from the n = 3 population by applying the statistical weights and the lifetimes
as already done for the Fulcher transition (Sec. 5.1.2). As a consequence, the
calculated intensity ratios of these bands are independent of 7T, and ..

The intensity ratios were measured in a 90%

H,/He mixture depending on

pressure, i.e. molecular density. All measured bands originate from v = 0 level.
The results are given in Fig. 5.19 and show an increase with increasing density.
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This indicates that quenching is more important for the upper Fulcher state than
for the other states. Quenching can be described as radiationless depopulation
of a state by heavy particle collisions and can be considered in the measured
radiation by the quenching coefficient @ > 1:

Ncorr = Nmeasured Q with Q = 7-‘qu ng, + 1. (512)

7 is the lifetime of the electronic state and X, is the rate coefficient of quenching
depending slightly on gas temperature. Unfortunately, X, is only well-known
for the d state and is determined to be 4 x 107 m? s™! for the first vibrational
level (v' = 0). Assuming the same quenching rate coefficient for the three other
levels and taking into account different lifetimes (=~ 15 ns for g, 4, j and 40 ns
for d), the measured intensity ratios can be corrected by quenching. The results
are presented also in Fig. 5.19 (open symbols). The dependence of the intensity
ratios on molecular density vanishes as expected if quenching is the responsible
process. In contrast, the e — a/d — a intensity ratio increases with molecular
density despite quenching corrections [Heg02] which indicates a special role of
the e state being energetically lower than the other five levels of the n = 3 state.
The presented results demonstrate that the Fulcher transition with a lifetime of
40 ns is influenced by heavy particle collisions in technical plasmas. This fact has
to be kept in mind, particularly for the interpretation of the Fulcher emission in
plasmas at pressures higher than ~ 50 Pa.

5.2.6 Vibrational population in the ground state

The radiation of the diagonal Fulcher bands yields information about the vibra-
tional population of the upper Fulcher state d *II, which can be correlated to the
vibrational population of the ground state (Sec. 3.1.4). This implies two main
assumptions: first, the assignment of a vibrational temperature in the ground
state which is transferred into the upper state via the Franck—-Condon principle.
Calculations of the modified version of the CR—model justify the assignment of
T, for the first five levels and the results are independent of either the heavy
particle collisions are enabled or not in the code. Furthermore, the diagnostic
method is only sensitive for level populations which are approximately 1% or
higher than that of v = 0. The second assumption concerns the Franck-Condon
principle which may not be justified for the light molecule H,, which means the
Born-Oppenheimer assumption is not fulfilled strictly. Since no evidence was
found in literature, this assumption has to be presumed. Additionally, if the
dominant population mechanism is not only the excitation from the ground state
but also excitation out of the ¢TI, state (Fig. 5.4) or cascading, then a mixture of
all Franck—Condon matrices involved will determine the vibrational population.
However, since the potential curves of almost all triplet states have a very similar
shape and the minima are at almost the same equilibrium distances, the mixing
is not of importance for the upper Fulcher state.

Figure 5.20 shows the correlation between the vibrational temperature in the
ground state (T,;(X '27)) and the relative population in the upper Fulcher state
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Figure 5.20: Relative vibrational populations in the upper state of the Fulcher transition
(d31L,) of hydrogen and deuterium depending on the vibrational temperature of the ground
state Tyip (X 'SF) which is assigned to the first five v-levels.

(d3T1, n(v')/n(v" = 0)) for hydrogen and deuterium. The Franck-Condon factors
corresponding to the two transitions involved for the diagnostics (X — d and
d — a) were calculated by using the FCFRKR computer program of Telle [TT82].
The evaluation of measured intensities of Fulcher lines and the branching ratios
together with a detailed analysis of the sensitivity of the diagnostic method is
described in [FH98]. Furthermore, the different lifetimes and selective quenching
of the vibrational levels of the d3II, state were taken into account as well as
corrections which were obtained by using vibrationally resolved rate coefficients
for the excitation. The latter is important at low temperatures (7, ~ 3 eV
or lower) since each vibrational level in the ground state reduces the threshold
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Figure 5.21: Measured vibrational temperatures assigned to the first five v—levels in the ground
state depending on gas mizture and pressure of the ECR discharge.

energy (= 14 ¢V) of about 0.5 eV. These corrections are applied to the measured
ratios which are then compared with the calculated ratios of Fig. 5.20.

The described diagnostic method has been applied to various hydrogen (deu-
terium) /helium plasmas [FH98]. The comparison of measured and calculated
relative vibrational population of the upper Fulcher state shows that experimen-
tal results are well mirrored by the theoretically derived populations up to v’ = 3
for Hy and v' = 4 for D,. Because of the lack of data for Dy and a remaining
discrepancy at v' =4 and v’ = 5 for Hy and Dy, respectively, these levels are not
recommended for the method. The very good agreement of the levels v/ =0 — 3
(4) confirms the validity of the Franck—Condon principle for the electron impact
excitation of the d 311, state. Furthermore, it indicates that there is no collisional
redistribution among the excited vibrational levels. The results also show no
major difference in the quality of the fits for hydrogen and deuterium.

Results for the vibrational temperatures are given in Fig. 5.21 for two mixtures
with helium. A variation of T, was achieved by a pressure variation. Tp; (X 12;)
ranges from 3200 K to 6800 K and from 2600 K to 4000 K for Hy and Do,
respectively. The fit quality results in error bars of 50 K at about 1000 K and
of 500 K at about 7000 K and are in the range of the experimental error. The
ground state population in Hy and D, is very similar. This is mirrored by apparent
lower T, for Do, which is due to the lower energy separation of the vibrational
levels caused by the greater mass. In Fig. 5.21 T, decreases with increasing 7,
however, in this figure several effects are mixed. Since the pressure decreases with
increasing T, the number of wall collisions increases leading to a depopulation.
The comparison of different gas mixtures (1/9, 9/1) reveals also a depopulation
because the number of heavy particle collisions rises. The pure effect of increasing
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Figure 5.22: Measured Tro (X 12;) derived from the upper Fulcher state depending on the

degree of the diagonal transition in comparison with Tg.

T. is a decrease of T,; due to increasing dissociation which leads to an effective
loss of vibrationally excited molecules. The interpretation of these measurements
is confirmed by calculations by the modified CR-model.

An supplementary result of the analysis is the rotational population of the
various vibrational levels of the excited state (Tyo(d *IL,)). The intensities of the
first five measured rotational lines of the ()—branch are on a straight line in the
Boltzmann-plot and a rotational temperature can be assigned to the population.
Because of the very weak intensity of lines with higher rotational quantum num-
ber no information could be obtained for higher rotational levels. Using Eq. (3.7)
the rotational temperature in the excited state is related to the rotational tem-
perature in the ground state. Thus, for all vibrational levels of the excited state a
single rotational temperature in the ground state should be obtained which may
represent the gas temperature (Sec. 3.1.4).

Figure 5.22 gives a comparison of rotational temperatures in the ground state
Trot(X 12;), which were obtained from each diagonal vibrational transition, with
the gas temperature. The latter was derived from diagnostics of molecular nitro-
gen by adding 1%N; to the plasma. Both, T;,; as well as T, increase with increas-
ing pressure of the MW discharge. The results derived from the various diagonal
bands show a decrease with increasing vibrational quantum number. Remarkable
are the high values of the 0 — 0 transition. Similar results were measured in diver-
tor plasmas and in the plasma edge of fusion experiments [HFBAO1, BMP*00].
This is a feature which is not explained yet, and it demands a measurement of the
rotational lines of each vibrational band individually in order to derive the overall
radiation of the Fulcher band. To derive the gas temperature of the plasma the
Fulcher radiation is not as well suited as the radiation of nitrogen molecules.




5.2. Laboratory plasmas 109

L T 1 - L T T T T A
7000 i 2O%DZ graphite_.
[| 80%He LI
6000 @ ]
= o - L d LA
<t L \\\ ’,.‘_- _—__——"‘ R
o 5000 m | 2 _..-=="""" high-grade steel ]
1l \ _A-
> 'A“. T
< - _A-” 1
2 4000 - \\‘——‘ _____________ B ]
= r -\\ ___________ m---cTTTTT without 1
r B--- additional surface ]
3000 £ 1
0 1 L L L 1 L 1 L L ! ) 2 L 1 1 1 2 1 1 1
0 5 10 15 20

Figure 5.23: Vibrational temperatures in the ground state of deuterium in a MW discharge

with and without introducing an additional surface into the plasma.

In order to determine the influence of surfaces on the vibrational population

in the ground state measurements in MW plasmas were carried out. High—grade

steel and pressed graphite (EK98, a material typically used in divertors) were
introduced into the plasma. The plasma was observed by lines of sight parallel
to the surface. Figure 5.23 shows measured vibrational temperatures in Dy/He
plasmas as a function of the discharge pressure for various surface materials.
Similar results have been obtained -in H,/He plasmas. The diagnostic method
can not distinguish between the vibrational population which originates from the
surface and the vibrational population which is produced in the plasma. Surfaces
may release vibrationally excited molecules by atoms which recombine at the sur-
face. Furthermore, surface reactions as the Langmuir-Hinshelwood mechanism
and the Eley-Rideal mechanism may take place. The measurements show that
high—grade steel increases T, and graphite even exceeds results of high-grade
steel. The high T for graphite is remarkable and may be due to the formation
of hydrocarbons by chemical erosion of graphite under the bombardment of hy-
drogen atoms and ions. In addition, interaction of hydrocarbons with hydrogen
molecules may occur.

Whether the strong increase of T,(X 'Yf) of hydrogen by introducing
graphite into the hydrogen plasma is attributed to a pure surface effect or to
the presence of methane in the plasma can be checked by measurements carried
out in methane plasmas. During the breakup of the CHy or C;H, molecules in
the plasma, Hy will be formed already vibrationally excited. Figure 5.24 gives
a comparison of Ty (X 'S}), obtained in the ECR discharge at p = 10 Pa,
for different mixtures of Hy/He with the corresponding CHy/He mixtures. In
general, Ty (X '5]) decreases with increasing molecular fraction where depopu-
lating heavy particle collisions become more and more important. Furthermore,
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Figure 5.24: Vibrational temperatures in the ground state of hydrogen in H,/He and CHy/He
plasmas at 10 Pa.

a trend with 7. can be observed. At small molecular concentrations methane
plasmas result in considerable higher 77 (X 12;) as hydrogen plasmas, an effect
which seems to vanish at high molecular concentrations. If vibrationally excited
molecules are formed during the breakup of hydrocarbons by electron impact
dissociation a 7T, dependence is expected which is indicated in 5.24. For high
molecular concentrations the dominating heavy particle collisions may be more
effective for collisions with hydrocarbons than for collisions with the hydrogen
molecules. In summary, the investigations have shown that T,;(X "27) of hy-
drogen or deuterium molecules is sensitive on the material of a surface and on
the reaction channel which produces the molecule.

5.2.7 Continuum radiation

The radiation of the hydrogen continuum which originates from the a 32; —b3%F
transition is intense and can be observed readily in the near ultraviolet spectral
range. The most intense part of the spectrum is between 170 and 400 nm whereas
the whole continuum spectrum extends from 120 to 600 nm. For diagnostic
purposes of T, and T,(X) the measured spectra have to be compared with
calculations of the spectra with T, and T,;(X) as fitting parameter. On the basis
of potential curves of the three states involved (X 'S}, a®Sf, b°SF) and the
electronic transition dipole moment (Fig. 5.25), the wave functions and transition
probabilities as well as the lifetimes were calculated for all hydrogen isotopes
[FSB00]. Using the corona model for excitation from the ground state and the
corresponding excitation rate coefficient, absolute intensities were obtained, which
were then compared with measurements.

The absolute intensity of the continuum radiation depends on T, whereas
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the shape of the continuum radiation reflects the vibrational population of the
upper state (a®Y}), which can be related to Ty in the ground state. Figure
5.26 shows examples for measured and calculated spectra in ECR plasmas. The
agreement is very good in the wavelength range between 210 and 300 nm by
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D,/He ECR plasmas at 4 Pa compared with results from the radiation of the Herag line.

using Ty = 5500 K, T, = 3.5 eV for Hy and Ty = 4000 K, T, = 3.56 eV
for Do. The sensitivity is estimated to be 500 K for lower T and increases
to 1000 K for higher Ty. The deviation in the shape at lower wavelengths is
about 15% of the radiation and has various reasons: the radiation of the Lyman
band, which has a maximum at 162 nm, is ten times higher than the continuum
radiation. In addition, the Lyman band continuum, caused by the transition of
the v/ = 9 level of the B 1Y} state into the dissociation limit, contributes to the
radiation near 170 nm. Therefore, the measurements show an increase rather
than a decrease. In the case of hydrogen, the radiation of the measured spectrum
around 200 nm is lower than the spectrum predicted by the calculation. A detailed
analysis of the individual vibrational levels of the upper state has shown that this
enhancement is correlated with radiation from v'(a®¥J)= 2. The population of
this level was reduced by the small amount of 15%. The resulting spectrum is
given by the dashed line in the measured hydrogen spectrum. This demonstrates
the sensitivity of the method. , )

For the determination of 7, from the continuum radiation, the measured ab-
solute radiation was correlated with calculations using 7, as a parameter and
applying the adjusted Tp. The integral of the fitted spectrum over the whole
wavelength range gives the total radiation of the transition. It turns out that
nearly 50% of the radiation is either below 190 nm (30%) or above 300 nm (20%)
for the whole parameter range. These values are valid within 5% for both hydro-
gen and deuterium and they can be used generally for the determination of the
total radiation, if only the part between 190 —300 nm is measured. The results for
hydrogen and deuterium mixtures in helium are shown in Fig. 5.27. The electron




5.2. Laboratory plasmas ’ ' 113

temperature decreases with increasing amount of molecules and is very similar
in Hy and Dy plasmas. For comparison, T, derived from the standard diagnostic
method (He 728 nm line) is also plotted in Fig. 5.27. The good agreement be-
tween both methods validates the applicability of the continuum radiation as a
diagnostic tool for T, and T, in hydrogen and deuterium plasmas. Since calcu-
lations were carried out for all isotopes, i.e. Ty, HD and DT, the method can be
applied for these molecules as well, which is of particular interest in divertors of
fusion experiments.

5.2.8 Formation of HD molecules

In future fusion experiments the plasma composition will always be a mixture
of deuterium and tritium. In present—day experiments hydrogen or deuterium
discharges are commonly used for investigations. During a changeover from hy-
drogen to deuterium discharges (or the other way around), mixtures of these
molecules are present. Therefore, in cold plasma regions HD or DT molecules
will be formed. The formation of HD can be investigated in laboratory plasmas.
Furthermore, the spectroscopic diagnostic methods of molecules will be extended
to HD in order to check the transferability to these heteronuclear molecules.

Figure 5.28 shows a fraction of the Fulcher spectrum in a ECR discharge
containing 50%H;/50%D,. The first four rotational lines of the ()—branch in the
v’ = v" = 0 band are indicated for Hy and D, as well as for HD, which is between
those of Hy and Dy. The lines of HD are clearly identifiable and it is obvious that
the intensity alternation vanishes for the heteronuclear molecule. In Fig. 5.28b,
mass spectra obtained with the residual gas analyser are given at three discharge
pressures, normalized to the Hy signal. With increasing pressure the HD signal
increases, which means that in spite of a decrease in T, more HD is produced. This
emphasizes the role of heavy particle collisions in the HD formation. Remarkable
_ is the lower D, than H, signal although same concentrations are used as inlet gas.
This is either due to the demixing of gases in the plasma chamber or indicates a
depletion of Do by dissociation.

Systematic measurements were carried out in mixtures with helium. However,
mass spectrometer results are overlapped by the helium signal and are therefore
not suited for the analysis. Molecular densities were obtained from the Fulcher
spectra by using the same rate coefficient for all three isotopes. The atomic
densities, i.e. the degree of dissociation, were taken from the analysis of the H, and
D, lines. It turned out that at equal molecular concentrations of the inlet gases,
the atomic densities in the plasmas of H and D differ. Therefore, concentrations
were chosen in which equal atomic densities were obtained in the plasma. The
percentage of HD molecules to the sum of molecules in the plasma is plotted in
Fig. 5.29 as a function of the degree of dissociation. The gas mixtures at 10 Pa
are labelled, the background gas was helium. The HD density increases with the
degree of dissociation and a maximum concentration of 50%HD molecules in the
plasma is achieved. The more helium is in the plasma, the higher is 7 and the
higher is the degree of dissociation and the density of H and D atoms which can
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Figure 5.28: Fulcher spectrum (a) in a 50%H,/50%D, ECR discharge (p = 20 Pa) in which
the most prominent lines of the Hy, Dy and HD molecules are indicated. Mass spectra (b) of

the same discharge at various pressures.
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Figure 5.29: Percentages of HD produced in H, /Dy, plasmas depending on mizture and, there-
fore, degree of dissociation (a) and T, (b) which is achieved by a variation of pressure.

then in the next step recombine to HD molecules. Thus gives the dependence
on pressure as already shown in Fig. 5.28b but is also given in Fig. 5.29b. In
addition, recombination of atoms at surfaces, i.e the chamber walls, may play an
important role in the formation of HD molecules.

In heteronuclear molecules transitions between vibrational and rotational
states are optically allowed since they have a permanent dipole moment, but
in the case of isotopes these transitions are weak. Therefore, the vibrational pop-
ulation in the ground state of the HD molecule in comparison to the Hy and the
D, molecule is an interesting point of discussion. Ty (X) of all three molecules
was derived from the Fulcher band in a mixture with high HD formation, i.e.
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5%H,/5%D4/90%He at 4 Pa. The measured relative vibrational populations in
the upper Fulcher state are compared with calculations where T (X) is the fit
parameter. First of all, Fig. 5.30a shows calculated and measured populations in
mixtures with helium separately. The molecular concentration was kept constant
to ensure similar 7,. The agreement between calculations and measurements is
good for all five upper vibrational levels. The Dy plasma yields a lower Ty(X)
(3200 K) than the H, plasma (4800 K). In the mixture (Fig. 5.30b) the v' =1
value of Dy is not mirrored by the calculation, whereas for Hy only small devi-
ations are obtained. HD populations are disturbed in v' = 2 and v’ = 4. This
indicates repopulation among the molecules themselves. Ty(X ) of Dy and Hy
are slightly smaller in the molecular mixture than in pure plasmas of H, and
D,. As expected from the isotope effect (i.e. the influence of the distance of the
vibrational energy levels), To(X) of HD is between those of Dy and Hy. In sum-
mary, the applicability of the spectroscopic methods for heteronuclear isotopes of
hydrogen was demonstrated, at the example of HD, providing a diagnostics tool
for DT molecules.
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5.3 Divertor plasmas

Diagnostics in divertor plasmas need a higher effort than diagnostics in laboratory
plasmas since on one hand the plasma is inhomogeneous along a line of sight and
on the other hand the plasma can change the recycling regime from an attached
to a completely detached plasma. In the latter case the plasma parameter like
the electron density varies two or three orders of magnitude whereas the electron
temperature ranges from some ten eV to below 1 eV. This requires either a
diagnostic method with a high dynamic range or different diagnostic methods
which complete each other. Using emission spectroscopy, interpretation of line
radiation and population mechanism of an electronic state, depends on the plasma
regime, i.e. an ionizing plasma in the attached case or a recombining plasma in
the completely detached regime. Furthermore, the inhomogeneity of the plasma
along the line of sight results in a selective weighting of plasma regions.

Besides the radiation from hydrogen, the radiation of impurities originat-
ing from the plasma wall interaction, can be detected and used for diagnostics.
Depending on the wall material, which is in most cases carbon (graphite), line
radiation (CI-CVI) and molecular bands (CH, CD) are observed.

In general, the concept of determining particle densities from the line radiation
has to be replaced by the determination of particle fluxes. Concerning hydrogen,
atomic hydrogen fluxes or proton fluxes will exceed the molecular hydrogen fluxes,
a situation which is completely different from parameters of technical plasmas.
This has to be kept in mind when comparing these two types of low temperature
plasmas.

5.3.1 Atomic hydrogen fluxes from S/XB

The radiation of the Balmer lines is used to determine atomic hydrogen fluxes.
Provided that the neutral particles, which start at the surfaces, are excited and
ionized by electron impact collisions during their way through the plasma, the
ionization processes per emitted photon relate the measured photon flux with the
atomic hydrogen flux, e.g. for Hy:

S

Ty =—Tp .
A= xp

(5.13)
S is the effective rate coefficient for ionization, X B is the effective emission rate
coefficient for the H, line. The principal method and its applications are described
in [BSDT89]. The ratio S/X B can be taken from calculations which are usually
carried out with CR-models. Like the effective rate coefficient itself, the ratio
depends on n., T, and, if relevant, on recombination, opacity or dissociative
excitation from molecules.

Figure 5.31 shows the dependence of S/XB for H, on T, and n, for direct
excitation, i.e. excitation of the atom, and dissociative excitation, i.e. H, radiation
originates only from dissociation of the molecule. In the latter case, the ionization
of the molecule was considered because of the assumption that molecules start
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Figure 5.31: Jonization processes per emitted H, photon for atomic and molecular hydrogien.

at the surface and are excited and ionized in the plasma whereby the excited
states dissociate directly in the n = 3 state of the H atom. For the calculations
the modified CR-model for Hy and H was used (Sec. 5.1). At T, > 5 eV the
temperature dependence vanishes whereas the ne dependence is distinctive for
ne > 10" m™%. This means that the electron density is a crucial parameter in
the diagnostics as well as the knowledge of T in cold, detached plasmas (T, < 5
eV). In addition, the neutral particle density increases in this plasma regime and
opacity becomes important as well as recombination. As discussed for technical
plasmas, it is helpful to measure more than one Balmer line since the influence
of opacity and recombination is different for each Balmer line.

5.3.2 Balmer line ratios

Balmer line ratios can be used as diagnostics for electron density and for the ratio
of atoms to molecules, i.e. the degree of dissociation, as suggested by Fujimoto
[FMS88, FST89, SEF93]. Dependencies of the ratios on T, n. and § are shown
in Fig. 5.32 which were calculated with the modified version of Fujimoto’s CR-
model. The best sensitivity on n, provides the Hs/H, ratio in the range of
107 — 102° m~3. The variation with T, is shown for excitation out of the atom
(Fig. 5.32a) and the variation with the degree of dissociation is given in Fig. 5.32b
for T, = 5 eV. This diagnostics is suggested to be applied for ionizing plasmas
since opacity and strong recombination is not taken into account in the presented
ratios. This restriction does not affect the method, because the ratios are only
sensitive for densities of n, < 102° m~=3, which are typical for ionizing plasmas.
The Balmer line ratio is utilized as an indicator for detachment since the
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Figure 5.32: Balmer line ratios for various T, in case of direct ezcitation (a) and variation
of § in case of direct and molecular ezcitation (b) at Te =5 eV.

ratio depends on the degree of recombination. Part (a) of Fig. 5.33 gives the
line ratios taken from the ADAS code package for three different recombination
factors. A recombination factor of zero refers to no recombination (three-body
and radiative recombination) at all. Taking into account recombination processes
the ratios decreases for low T,. Again the best sensitivity can be found for Hq JH,,.
In Fig. 5.33b measurements of Balmer line ratios during a hydrogen discharge
are presented. The time interval of detachment is 3.2 — 3.6 s, as indicated by
arrows. Before and after this interval the plasma is in an attached regime. The
fluctuation of the measured signals is due to the usage of two spectrometers to
observe all four Balmer lines in two identical discharges simultaneously. This is
caused by the demand of having exactly the same discharge and to take the same
time interval for the evaluation. Furthermore, the error bars of two intensity
calibrations contribute to the noise of the ratios. Additionally, neighbouring lines
of sight were used, i.e. ROV007, ROV006 and ROV008 (Fig. 2.11). Nevertheless,
the rapid decrease of intensity ratios in the detached time interval is evident.
Comparing absolute intensity ratios with predictions from ADAS, the mea-
surements seem to be to high in the ionizing, i.e. the attached, regime. Therefore,
ratios calculated with Fujimoto’s code (Fuji) in the modified version and the code
of Johnson and Hinnov (J&H) [JH73] are included in Fig. 5.33a. It is obvious,
that results from Johnson and Hinnov are almost identical with ratios from Fu-
jimoto’s code. This is due to the implementation of almost the same input data
in the CR-models. In comparison with ADAS they yield higher intensity ra-
tios. Unfortunately, it is not obvious on the basis of these measurements which
are the proper calculations. However, it has to be kept in mind that measure-
ments carried out in technical plasmas have validated results for Balmer lines
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measurements depending on the time of the discharge, i.e. recycling regime.

from ADAS. Details of Balmer line measurements, their applications and results
for the divertor of ASDEX Upgrade are given in [Sch00b].

5.3.3 Molecular fluxes from (S + D)/XB

In a similar manner as the determination of atomic hydrogen fluxes works, molec-
ular fluxes are obtained from the radiation of molecular bands. In addition to ion-
ization processes, the dissociation processes have to be considered for molecules.
Furthermore, vibrational population in the ground state enhances ionization and
dissociation rates and has to be considered as well. The molecular flux is then
given by:

I'g, = %lﬁi I Fuicher (5.14)
using the radiation of the Fulcher system. XB is the effective emission rate
coefficient of the complete Fulcher system, Sers and Desy are effective ionization
and dissociation rate coefficients of the hydrogen molecule, respectively. The
(S + D)/X B ratio was calculated with the modified CR-model and is shown in
Fig. 5.34 as a function of T, and n. as parameter. Just as for atomic hydrogen, the
ratio is almost constant for T, > 5 eV, whereas a strong n. dependence is obtained.
As discussed in Secs. 5.1.2 and 5.1 this is correlated with the beginning of a
Boltzmann population between the excited states. In this case the (S + D)/XB
ratio is proportional to n.. For n, = 10%° m™, the ratio is also calculated
by neglecting vibrational population. This leads to a strong decrease at low
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Figure 5.34: Effective ionization and dissociation processes per emitted Fulcher photon calcu-
lated with the modified CR—model.

temperature and is mainly caused by the influence of vibrational population on
the effective ionization rate coefficient. At low temperatures the ion conversion
process (Eq. (5.3)) becomes efficient, if vibrational levels are populated. Due to
different vibrational energies and vibrational populations, (S+ D)/X B ratios for
D, are different from ratios for Hy, whereas for H and D the .S /X B ratios are
equal.

In the majority of cases, molecules fluxes can be determined in the temper-
ature range of 1leV < T, < 20 eV. On one hand the molecules rather dissociate
or ionize than radiate at temperatures considerable higher than the threshold of
dissociation (= 8 eV) and ionization (= 15 eV). On the other hand, at very low
temperatures T, < 1 eV, the excitation process is ineffective which results in a
weak radiation of the molecule. The strong dependence on the parameters in this
T,-range requires the knowledge of T, and n, as accurate as possible to analyse
measured photon fluxes.

Measurements of Fulcher photon fluxes were carried out in two identical hydro-
gen discharges of ASDEX Upgrade [FBG199]. The discharges were characterized
by a variation of neutral injection power and midplane electron density during
the time of the discharge. The precise parameters are given in [GBCT99]. Of spe-
cial interest for the present discussion is the transition of the plasma recycling in
the outer divertor from an attached to a detached recycling regime followed by a
re—attachment. Therefore, the electron density first increases and then decreases,
whereas the electron temperature shows the opposite behaviour. These plasma
parameters were measured by Langmuir probes and by emission spectroscopy of
the Paschen/Balmer continuum. As a sensitive indicator of detachment or attach-
ment the CIII and the H, line intensities were recorded [GBC™99]. The former
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decreases with decreasing T,, whereas the latter increases due to strong volume
recombination in detached plasmas. The emission lines of the Fulcher bands of the
hydrogen molecule were detected by using a 1 m spectrometer with a CCD cam-
era as detector. Within each discharge a wavelength range of about 7.5 nm was
covered, which provides sufficient spectral resolution for separating the rotational
lines. Two identical discharges were necessary to measure the v = 0 —v" = 0
and the 1 — 1 vibrational transition. Four lines of sight in the outer divertor have
been used (ZOV001, ROV018, ROV014, ROVO011, Fig. 2.11). The method for
evaluating the radiation of the whole band from the two measured vibrational
transitions is described in detail in [FBG199].

As an intermediate result from the evaluation of measured vibrational bands
the rotational temperatures in the excited state (d°Il,) were obtained using a
Boltzmann—plot for the first five rotational quantum numbers of the ()-branch.
Trot(d) derived from each vibrational band was then transferred to the ground
state yielding T,:(X). The time dependence of Tro:(X) is plotted in Fig. 5.35a.
The 0 — 0 vibrational transition gives a higher T, than the 1 —1 transition. This
fact was already observed in technical plasmas (Fig. 5.22). The various lines of
sight show almost identical results, an increase with time at the beginning which
is followed by a decrease. It has to be mentioned that measured intensities (with
an integration time of the CCD camera of 100 ms) are time averaged values which
represent a time interval of 500 ms. Thus, the signal-to—noise ratio was improved.

In a next step, the ratio of vibrational population (v = 1/v" = 0) in the
excited state was obtained which was assigned to a vibrational temperature in
the ground state (Fig. 5.20). T,;(X), shown in Fig. 5.35b, is high (around 8000
K) in the time range 2.5-3.5 s and decreases to values of 3000 K. The error bar
is £500 K. To give numbers of populations a T,;(X) of 5000 K represents a
population of 71%, 20%, 6% and 2% for the levels v = 0, 1, 2, and 3, respectively.

Since the plasma changes the recycling regime during the time of the discharge
and since Langmuir probes yield an electron temperature and density dependence,
the changes of Tp(X) can be correlated to T,. A correlation with n, can be
neglected in a first approximation due to a stronger dependence of the population
and depopulation processes of vibrational levels on T, than on n.. Thus, the
molecular bands themselves offer a convenient possibility to measure electron
temperatures (Sec. 5.3.4), which must be known for the analysis of molecular
fluxes.

Figure 5.35¢ gives molecular fluxes using T, from the molecular radiation itself
and n, from the Langmuir probes (in the attached time interval) and from the
analysis of the Paschen/Balmer continuum (in the detached regime). The fluxes
show a pronounced increase during the time of detachment (3.2-3.6 s). In the
raw signals, this increase is partly masked by the fact that (Sess + Desr)/X B
also increases due to lower electron temperatures. The atomic hydrogen fluxes,
as derived from Hpg intensities or Langmuir probe saturation currents, show a
very similar behaviour with time. A typical ratio of molecular-to—atomic particle
fluxes of 0.5 was obtained by the B2-EIRENE calculations [SBCT99, CBSA99].
A density scan was simulated and the molecular flux is expected to be between

B =N
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Figure 5.35: Measured rotational and vibrational population temperatures in the ground state
of Hy ((a) and (b)) as well as molecular fluzes (c) depending on the time of the discharge.

1 — 4 x 102 m~2 s! depending on discharge time. As can be seen in Fig.
5.35¢, measured absolute values are about a factor 5 lower than expected. This
discrepancy may still be within the error bars of the method, the measurements
and the calculations, where the latter are carried out for typical discharges and
not for the individual discharges in question. In addition, vibrationally excited
hydrogen molecules were not included in the B2-EIRENE code at the time of
running the code. Nevertheless, it can be concluded that molecular fluxes are
comparable to atomic fluxes in detached plasmas. Furthermore, the hydrogen
molecules have a high vibrational population in the ground state, which may
affect plasma kinetics in the divertor.
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5.3.4 Electron temperature diagnostics using molecular
radiation

The radiation of hydrogen molecules can be used for electron temperature diag-
nostics of divertor plasmas [FHWO01]. The modified CR-model (Sec. 5.1) provides
a correlation between the vibrational population in the ground state of Hy or Do
and the electron temperature. The ground state population is transferred into
a vibrational population of the electronically excited state (d®IL,) which is eas-
ily accessible by emission spectroscopy of the Fulcher transition. In contrast to
the diagnostic method introduced in Sec. 5.2.6 the assignment of a vibrational
temperature for the first five vibrational levels is no longer necessary due to the
predictions of the CR-model considering all 15 vibrational levels. As discussed in
Sec. 5.1 this requires the assumption that population and depopulation processes
are dominated by electron collisions and radiative decay, i.e. heavy particle and
wall collisions are negligible.

Figure 5.36a shows the predicted relative vibrational population for a charac-
teristic electron temperature (T, = 4 eV) depending on the population processes
(Sec. 5.1). Considering reactions (5.1) to (5.4) (indicated as (1)-(4) in the figure)
the population decreases rapidly with increasing vibrational quantum number,
e.g. v =4 is approx. 1 % of v = 0. Since the data points are almost on a straight
line in the logarithmic scale, the slope describes a vibrational temperature which
is around 6200 K. Switching on the repopulating reaction (5.5) (labelled with

(1)-(5)), higher vibrational levels show a population of nearly 4 % from v = 4

onwards. The lower levels are shifted to somewhat higher populations too. By
changing the input data for reaction (5.2), i.e. dissociation, from Celiberto data
- [CLC*99] (labelled (2a)) to Tennyson data [ST98] (labelled (2b)) the calculations
yield lower populations in the higher vibrational states (factor 2), as expected.
However, R—matrix calculations were not available for the deuterium molecule.
Therefore, in the modified version of the CR-model, data of Celiberto [CLCT99]
were implemented as standard for both isotopes.

In order to demonstrate an influence of heavy particle collisions and wall
collisions. which are important for technical plasmas but negligible for divertor
plasmas, the populations considering reactions (5.1) to (5.7) are also presented in
Fig. 5.36a ((1)-(7)). Here, the vibrational population is considerably lower and
depends no longer only on T, but also on ny,, pressure and gas temperature. The
influence of 7. on the population is getting smaller. The data implemented in the
modified version of the CR—model for Hy and D, and the applied extrapolations
are described in detail in [WF01, FHWO01].

Part (b) of Fig. 5.36 shows the dependence of the relative vibrational popu-
lation in the ground state for Hy and Dy on electron temperature for reactions
(5.1) — (5.5), i.e. divertor plasma conditions. With increasing T, the populations
for the lower v’s do no longer decrease exponentially with increasing vibrational
energy and the populations for v > 4 increase drastically. This is caused by the
strong influence of reaction (5.5) since the excitation of the B'Sf and C'II,
states in the singlet system increases with rising T,. Obviously, both isotopes
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Figure 5.36: Calculated relative vibrational populations in the ground state taking into account
different reactions (a). Part (b) gives a comparison of Hy and Dy at different T¢’s.

show almost equal vibrational populations which was already confirmed by mea-
surements carried out in laboratory experiments [FH98]. The discussed isotope
effect concerning the resonant character of reactions (5.3) and (5.4) appears in
the slightly different populations around the levels v = 4 and v = 6 for Hy and
D,, respectively. .

The predicted vibrational population in the ground state was projected into
the electronically excited state in the same manner as already discussed in Sec.
5.2.6. Figure 5.37 gives the relative populations in the upper Fulcher state for
both isotopes as a function of electron temperature and is represented by the ra-
tios v’ = 1(2,3) /v’ = 0. These ratios vary in the plotted temperature range within
a factor of two. Particularly suited for T,~diagnostics are the ratios v’ = 2/v' =0
and v’ = 3/v' = 0. The influence of vibrationally resolved rate coefficients on the
ratios can be estimated by comparing results with and without X, (7,) shown in
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Figure 5.37: Calculated ratios of vibrational populations in the upper Fulcher state (d31L,)
and T, for Hy and Dy.-

Fig. 5.37a. The flat shape of the ratios above 7 eV is mainly caused by the strong
influence of reaction (5.5). Deuterium ratios (5.37b) show a stronger dependence
on T, than hydrogen ratios, which is due to the different Franck—Condon matri-
ces for the isotopes. In summary, the ratios can be used for diagnostics in the
temperature range between 1 eV and 7 eV.

For a discussion of the influence of the electron density on this diagnostic
method, the effect of reaction (5.5) must be specified. This is the only reac-
tion which correlates the vibrational distribution in the ground state to bound
electronically excited states. However, the absolute population as well as the
vibrational population in these states can be influenced by other electronically
excited states (cascading, electron impact de-excitation into the B,C states).
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Figure 5.38: T, measured in a hydrogen discharge by means of three diagnostic methods.

For a correct treatment of these processes all excited states involved have to be
vibrationally resolved. Since this requires an enormous extension of the CR~
model and, additionally, needs vibrationally resolved data, only the excitation
from the ground state is considered. Together with the reasonable assumption
of an H+ density being equal to electron density (reaction (5.3)) the vibrational
population in the ground state does not depend on electron density. However, it
was estimated that the influence is considerable only at electron densities above
n, ~ 102 m~3. In this case the higher vibrational levels of the ground state are
depleted (v > 5) but only for electron temperatures higher than 4 eV. This results
in a higher sensitivity of the projected upper Fulcher state population on electron
temperature for T, > 4 eV in comparison with Fig. 5.37. However, in typical di-
vertor plasmas, high electron densities refer to low electron temperatures whereas
low densities refer to higher temperatures. Therefore, the correlation presented
in Fig. 5.37 is sufficient for the T,~diagnostics in divertors.

The diagnostic method for T, was applied in the pure hydrogen discharge al-
ready described in Sec. 5.3.3. Instead of assigning a vibrational temperature in the
ground state (Fig. 5.35b) to measured relative populations in the excited state,
T, was determined. Figure 5.38 shows results for two lines of sight (ROV014 and
ROV018). Measured temperatures decrease in the first three time intervals (aver-
aged signals, 500 ms), which indicates the beginning detachment, and are around
1 eV in the completely detached outer divertor. Afterwards T, increases due to
a re—attachment of the plasma. The error bars are &= 0.2 eV due to uncertainties
in the measured ratios. However, after ¢t = 4 s all measured ratios correspond to
the upper sensitivity limit of the method which is 7 eV (Fig. 5.37). These points
were therefore set to 7 €V in Fig. 5.38 which has the meaning of a lower limit
for T,. For comparison, results from Langmuir probes and recombination spec-
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troscopy are shown also, referring to similar s—coordinates (Fig. 2.11) and lines of
sight, respectively, as used for the molecular spectroscopy. All three diagnostics
yield comparable dependencies of electron temperature on time. Probe measure-
ments are more reliable at high temperatures and low electron densities and yield

" =10—15 eV £ 2 eV and n, ~ 4 x 10 m™ in the attached plasma. The
recombination radiation, on the other hand, is only sensitive below T, >~ 2 eV
and therefore reliable in the detached plasma only. In this case the temperatures
derived are between 1 eV and 2 eV at electron densities around n, ~ 4 x 102° m~3.
As can be seen in Fig. 5.38, the molecular emission spectroscopy is sensitive in
the range between these standard diagnostics. Absolute values are not expected
to be identical since all three diagnostics refer to different weighting of plasma
volumes along the same line of sight.

A second scenario of plasmadischarges was started in order to confirm the
method with results from the vibrational transition 2 — 2 of hydrogen and in
order to test the transferability to deuterium. Therefore, some identical deu-
terium discharges were carried out, which included hydrogen injections in the
outer divertor during two time intervals. This allows simultaneous measurements
of Hy and Ds. The small amount of hydrogen (volume ~ 1 cm?®) did not change
the plasma performance in the divertor, just a local cooling of the plasma may
arise. Due to increasing neutral particle injection and electron density the di-
vertor plasma achieves a strong recycling regime. A detailed description of this
scenario is given in [HFBAOQ1]. For the present analysis, deuterium radiation was
detected at three time intervals (t; = 2.1 — 2.6 s; to = 3 — 4 s; 13 = 4.3 — 4.8
s) using the line of sight ZON003, which is equivalent to ZOV003 except being
in another section of the torus. Hydrogen radiation was observed during the
injection (¢;) at ZOV001-ZOV003. These lines of sight have a direct view onto
the divertor valve, located in the outer divertor tiles. The four discharges allow
recording of the first three vibrational transitions of hydrogen and four (up to
3 — 3) of deuterium. Particularly, the first six rotational lines of the QQ-branch
were investigated. Concerning deuterium, only three of the four measured vibra-
tional transitions were suitable for diagnostics. The -lines of the 2—2 transition
were obviously disturbed, showing strong fluctuations. Figure 5.39 displays the
derived electron temperatures from molecular hydrogen and deuterium radiation.

As demonstrated in Fig. 5.37 each vibrational band ratio yields a different de-
pendency on electron temperature. The temperatures derived from the separate
ratios are in good agreement for hydrogen as well as for deuterium. In addition,
Fig. 5.39 includes the T, which fits best to the combination of the set of ratios.
For hydrogen different temperatures were obtained for the various lines of sight,
indicating the spatial variation of T,. At t; hydrogen and deuterium give similar
electron temperatures (between 4.3 eV and 3.6 eV). The assumed local plasma
cooling due to the hydrogen injection is not visible. The time dependence of T,
is mirrored by the deuterium results. The recycling is getting stronger and the
electron temperature decreases to 2.2 eV. This decrease is confirmed by Langmuir
probes yielding mean electron temperatures of 12, 10 and 7 eV & 2 eV for tq,
t, and t3, respectively. The difference in absolute values is based on the same
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Figure 5.39: T, derived from molecular radiation in deuterium discharges in ASDEX Upgrade
(#12554-#182557). The discharges include hydrogen injections at time interval t,.

reasons as discussed above for the pure hydrogen discharge. In summary, the
results prove the applicability of the diagnostic method for T, using the radiation
of molecular hydrogen and deuterium. The advantages are on one hand that the
method is independent of the precise knowledge of n, and on the other hand, this
T, must be used for the determination of molecular fluxes, since it represents 7
in the plasma volume, where the molecules are present.

Concerning the isotopes, the CR-model yields very similar vibrational popu-
lations in the ground state for hydrogen and deuterium which may also indicate
possible extrapolations to tritium plasmas. In addition, mixtures of isotopes
will lead to the formation of heteronuclear molecules (HD or DT) for which the
presented method can be applied also. ‘

5.3.5 Molecular assisted recombination (MAR)

In order to reduce the power load onto the target plates detached divertor con-
ditions are often preferred. Detached divertor plasmas are characterized by an
increase in electron density and a decrease in electron temperature such that the
plasma flux drops with increasing upstream density ("roll-over”). This is typi-
cally accompanied by a strong increase of volume recombination, i.e. three-body
‘and radiative recombination. Due to the low T, (0.5 — 5 eV) hydrogen molecules,
which are produced at the surfaces by recombining atoms and ions, can penetrate
into the plasma and may play a role in divertor dynamics. In particular, it was
suggested, that molecules assist the volume recombination process.

The role of molecules in divertors was examined by a combination of experi-
mental results (emission spectroscopy of molecules) with plasma edge simulations
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(B2-EIRENE) and the CR~ model for Hy [FBC*99, FRHCO1].

Molecules can enhance the volume recombination in detached plasmas by the
so—called molecular assisted recombination (MAR). Here, vibrationally excited
molecules (Hy(v), Da(v)) contribute to plasma volume recombination due to the
following chains of reactions:

Hy(v)+e” — H + H followedby H™ +H' — H + H*

dissociative attachment mutual neutralization

Hy(v) + H* — Hf + H followedby Hf +e~ — H+ H*

: : L . 5.16
ion conversion dissociative recombination . ( )

In each channel an electron—ion pair recombines to H-atoms and the molecule is
dissociated. Inspecting the rate coefficients for these reactions, the ion conver-
sion channel (Eqg. (5.16)) dominates over the negative ion channel (Eq. (5.15))
[RMBBI7, KPSS97]. Under the assumption of radiative decay of all excited atoms
the amplification of volume recombination was predicted to be in the range of a
factor of 30 [KPSS97, ITE99]. However, considering both, re-ionization of the
electronically excited state (H*) and decay into the ground state, the recombina-
tion enhancement factor was found to be much smaller (factor 2 — 3) [RMBB97].

The possibilities of the excited atoms produced by Eq. (5.16) can be distin-
guished into three processes:

Hy(v)+ HY - Hf +H and Hf+e — H+H

MAR : Molecular Assisted Recombination

Ho(v)+ H - Hf + H and Hy +e - H+H" +e”
MAD : Molecular Assisted Dissociation

Hy(v)+H" — Hf +H and Hf +e” — Ht+ H' + 2e”
MAI: Molecular Assisted Ionization .

(5.17)

Only MAR contributes to the recombination, whereas in the other two cases ions
are produced, which leads effectively to an increase of potential energy and is quite

the opposite of the true volume recombination. In Fig. 5.40 a comparison of rate -

coefficients of MAR and MAD is presented with the electron density as parameter.
Rate coefficients for MAT are considerably smaller and are therefore not included.
MAD increases slightly with density and is always higher than MAR, which, in
contrast, shows a steep decrease with higher electron densities. For detached
plasma conditions, i.e. high electron density and low electron temperature, the
two rate coefficients (and also the rates themselves) differ by 1 — 2 orders of
magnitude. Besides the much smaller values of MAR with accounting for re—
ionization of the excited fragments, it is more important that the very large
MAD rate coefficient leads to a rapid destruction of Hy, which is then no longer
available for the MAR channel. In order to obtain rates for these processes the
knowledge of hydrogen densities and vibrational populations are necessary. The

(5.15) |
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Figure 5.40: Rate coefficients for molecular assisted recombination (MAR) and dissociation
(MAD) at various electron densities.

latter play an important role for ion conversion due to the resonance with the .

v = 4 level of hydrogen.

Investigations were carried out at the same hydrogen discharge where mea-

sured results were already available, i.e. results presented in Sec. 5.3.3 and Sec.
5.3.4. B2-EIRENE calculations were initially carried out for pure plasma condi-
tions, where effects from impurities were taken into account only implicitly via the
boundary conditions. However, the vibrational levels of Hj are treated as distinct
particles in the EIRENE code, a modification which was necessary as compared
to earlier versions by an assessment of vibrational relaxation times vs. transport
times under the relevant plasma conditions. In addition, effective rate coefficients
from the CR-model for the electronically excited levels were used. With these
modifications of the code line of sight integrated and spatially resolved results
were obtained.

The total intensity of the Fulcher system, i.e. the measured Fulcher radiation,
was compared directly with predictions. The relevant section of the computa-
tional domain of the code and the lines of sight used are shown in Fig. 2.11. On
the basis of the consistent numerical solution of B2-EIRENE, e.g. ng,, n., Tt,
line of sight integrated Fulcher photon fluxes were calculated and directly appli-
cable to the experimental data. Using the experimental emission rate coefficient
of [MH76] the calculated values of the Fulcher radiation were more than one order
of magnitude (a factor 50) above the measured values [FBG*99]. This discrep-
ancy vanishes by considering the steep n. dependence of the Fulcher emission
rate coefficient calculated with the CR-model (Fig. 5.7).

Figure 5.41 shows the satisfactory agreement between measured and calcu-
lated Fulcher photon fluxes for the detached time interval. In a next step, cal-
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culations were performed accounting for vibrational states in Hy by treating the
vibrational levels as distinct particles. This leads to a reduction of the calculated
flux of a factor of 2 — 3. Then a good agreement of measurements with calcu-
lations is observed in the detached and attached case. The three bars represent
the influence of three different wall effects, i.e. atoms and ions recombine at the
surface and form the molecule in its vibrational ground state (1), in v = 2 (2)
and in a vibrational population characterized by T, (X) = 3000 K (3). This is
described in detail in [FBCT99].

The lower part of Fig. 5.41 gives vibrational populations in the ground state
of the molecule for the detached and the attached case. Here, again, good agree-
ment between measurements and calculations is achieved. Both methods show
higher populations in the detached plasma phase than in the attached plasma
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phase. This indicates that vibrational population has to be taken into account
in spectroscopic rate coeflicients and in plasma edge simulations. The agree-
ment between measurements and B2-EIRENE calculations may be taken as a
first indication for a correct treatment of molecules in the code and especially for
the validity of the collisional-radiative approximation for electronically excited
states.

On the basis of the overall confirmation of calculations with measurements
the contribution of molecules to volume recombination in detached divertor was
calculated by using B2-EIRENE results. For this purpose, spatially resolved
plasma parameters and rates, i.e. processes per volume and time, along a line of
sight (ROV014) were analysed. Of special interest is the direct comparison of
MAR, MAD and MAT with the three-body and radiative volume recombination
rate R3*7. The results are given in Fig. 5.42, where in the upper part of the figure
the calculated densities n., ng, and ngy are shown together with the electron
temperature which are necessary to form rates. The dependence of the molecular
and atomic density is clearly correlated with the temperature shape. In the
regions of low T, and near the surface the molecule density dominates over the
atomic density until the molecules dissociate, leading to a strong decrease of ny,
further inward. The atomic density is more stable due to the gain from the
molecules until ionization occurs. The comparison of rates is shown in the lower
part of Fig. 5.42. The three-body and radiative recombination rate is nearly
constant along the plasma volume whereas MAD and MAR strongly decrease
away from the divertor walls. This is due to the combination of high electron
temperature and low molecular density. The process of MAD dominates the
molecular reaction chains. This clearly confirms the picture that the molecules
dissociate (MAD) and ionize (MAI) before they have a chance to contribute to
recombination (MAR). Only in a very thin layer close to the walls molecules
contribute to the plasma recombination. The effect in the plasma volume is more
or less an effect of a few ten percent. Instead of the predicted contribution of
molecules to recombination the molecules dissociate and ”assist ionization”.

The increase of dissociation and ionization due to MAD and MAI, reduces
the ionization length of the particles. As a consequence, the potential energy
stored in the divertor plasma increases, the plasma re-attaches. This conclu-
sion was derived from a comparison of B2-EIRENE runs with and without full
(vibrational) treatment of the molecules. Starting point was a detached diver-
tor plasma, which results from B2-EIRENE with its conventional treatment of
molecules, i.e., without accounting for vibrational excitation. Turning to the full
treatment of molecules, with otherwise identical model parameters everywhere,
lead to re—attachment of the divertor plasma into a moderately high recycling
regime. In order to recover the initial detached state a ramp up of the midplane
density was carried out. The outer target profile is plotted in Fig. 5.43 with the
midplane density as input parameter in the calculations. First, the decrease of
the divertor density is demonstrated by a comparison of the results at a midplane
density of 5x 10* m~ without and with molecules. Increasing the density at the
scrape-off layer, the starting point is recovered again only after an enhancement
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Figure 5.42: Densities (ne, ng, nm,) and Te as well as rates for MAR, MAD, MAI and R3**"
obtained from a combination of B2-EIRENE and CR-model.

in the upstream density by a factor of at least 1.5. One may assume that the
effect is somewhat weaker, if impurities are explicitly taken into account as well
and if the whole burden of achieving detachment is not only on the hydrogenic
species. However, the trend remains, as the first multi-fluid B2-EIRENE runs
for the same conditions have confirmed.

Other series of calculations were carried out, explicitly including carbon atoms
and ions as impurity species. Chemical erosion is accounted for as an effective
carbon—atom source in addition to the physical sputtering term. Experimental
carbon radiation profiles have carefully been matched by the code. The results
of calculations with the original model for hydrogen molecules have already been
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vibrationally resolved molecules.

published [GBC*99]. They are discussed there with respect to the combination of
detachment and occurrence of flow reversal. In addition, the diagnostic method
for verifying the flow reversal is introduced there and measurements were carried
out for the identical hydrogen discharges as discussed above. The first analysis of
this identical model case, but with proper account for the effects of vibrationally
excited molecules, gives similar results as calculations for pure plasma conditions
described above [Sch00a]. The plasma re-attaches after activating the vibrational
excitation of Hy (and resulting resonances) in the code. In addition the predicted
parallel velocity shows a somewhat weaker flow reversal for CIII as compared to
the case with the conventional model for Hy. In the pure plasma case mentioned
above the flow reversal at the inner target has disappeared entirely after turning
to the more complete treatment of molecules and re-attachment.

Concerning the isotopes, it has to be kept in mind, that quantitative pre-
dictions may be different for hydrogen and deuterium. Since measurements of
vibrational populations in the ground state have shown that the isotopes have
quite similar populations and since the relevant processes such as ion conversion
and dissociative attachment are resonant to a higher vibrational quantum num-
ber in deuterium than in hydrogen, it can be expected that the effect of MAR
is getting smaller. Nevertheless, precise analysis, i.e. measurements and calcula-
tions (including impurities, i.e. carbon) must be carried out. This has recently
become possible due to the transfer of the original version of the CR-model for
H, to D, (modified CR~model), which will be implemented in the B2-EIRENE
code in future.
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5.4 Chemical erosion of carbon

The plasma wall interaction of hydrogen plasmas with carbon surfaces is of high
importance for fusion devices. Carbon (pressed graphite) is the most frequently
used surface material which is in contact with the plasma. Carbon is chosen
because of its favourable properties, which are for example the high thermal
conductivity and the low nuclear charge Z (low Z material). The first is important
for the removal of the heat load on the surface, whereas low Z materials have the
advantage that as impurities they ionize completely in the plasma edge before
they diffuse into the bulk plasma. Thus, the plasma cooling by line radiation
plays a minor role for low Z materials than for high Z materials. A cooling of the
core plasma has to be compensated by an enhancement of the heating power. In
contrast, radiative cooling in the plasma edge is favoured since this effect reduces
the heat load to the surfaces. A large disadvantage of carbon is the substantial
wall erosion due to the bombardment of the surface with plasma particles. As
a consequence, the degradation of the wall material is immense and the surfaces
have to be replaced from time to time in future fusion plants. Other materials
which are relevant for fusion devices are Be, Si, B, W, doped materials such as SiC,
TiC and structured materials such as one, two or even three-dimensional carbon
fibre compounds (CFC). A summary of possible materials and basic physical
processes at the surface is presented in, e.g., [PB86].

" Concerning the plasma wall interaction of hydrogen with carbon a variety of
experiments have been carried out in laboratory and fusion experiments. The
different questions which arose are divided into the following problems: interac-
tion of high energy ions with the surfaces and interaction of cold hydrogen atoms
with the surfaces. Furthermore, a dependence on the composition of carbon (pure
graphite or soft and hard a-C:H films) exists. A review is given, for example, in
[Jac98]. Since plasma parameters of present fusion experiment differ and since
carbon tiles are mounted at different locations in the machine, the types of strain
to the surface vary strongly and a comparison of data is difficult. In particu-
lar, predictions for large scale machines, like ITER, are uncertain. For this case,
model calculations are used, which are based on the physical principles and fitted
to the available data base. One of such a semi—empirical model was established by
Roth [RGR96, RGR97] and gives an analytic description of the chemical erosion
of graphite by hydrogen ions. This model describes the erosion as a composition
of three components: the physical sputtering, the thermal erosion and the surface
erosion. A very recent synopsis of erosion and redeposition is given in [Rot01],
summarizing in particular the status of the latest measurements and calculations.

The manifold parameters affecting erosion and redeposition of carbon require
detailed investigations which can be carried out in laboratory plasmas with well
defined bombardment of particles to a well defined surface. Ion beam experi-
ments cover the subject area of physical sputtering, in which the energy ranges
from some ten eV to several hundred keV. Interactions of pure atomic hydro-
gen are studied by dissociating hydrogen on hot filaments, which is described by
the process of H-induced chemical erosion. In this case, the model of Kiippers
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[HSB*94] provides a theoretical analysis of the chemical processes depending on
the surface temperature. Since the plasma provides ions with various energies
and cold atoms, a combined effect may occur, which depends on the ratio of
the respective fluxes. This synergistic effect is of special interest in low tem-
perature plasmas and is described in the review of [Jac98] as well. Concerning
erosion processes in divertor plasmas, laboratory plasmas are particularly suited
for providing erosion data with well defined parameters.

In the following measurements and results will be presented which were carried
out in the ICP and ECR discharge and fill a gap of data for erosion yields:
chemical erosion at low ion energies and low temperature. Special emphasis is
given on the isotope effect, which is not expected from pure atomic hydrogen
bombardment but from ion bombardment because of the higher momentum of
deuterium than hydrogen.

5.4.1 Determination of erosion yields

The characteristic quantity for describing erosion processes is the erosion yield Y’
which is defined by the ratio of the carbon flux I'¢ leaving the surface and the
incoming hydrogen flux ['p:

Y = . 5.1
= (5.18)

The erosion yield depends on the hydrogen flux, the cornposition of the flux (ions
and/or atoms), the hydrogen isotope, the kind of material and the temperature
of the surface.

As already discussed in Sec. 5.3.1 in fusion experiments the hydrogen flux from
a surface into the plasma can be determined by measuring, e.g., H, and applying
the corresponding S/ X B ratio. The hydrogen flux to the surface can be measured
with Langmuir probes, i.e. from the electron saturation current. In the case of a
complete particle recycling at the surface both fluxes are identical. In a similar
manner as atomic and molecular hydrogen fluxes, the carbon fluxes can be derived
from measurements of the CH or CD band spectra around 431 nm [Beh90]. Their
intensity is related to the CHy or CDy flux by either empirical calibration for a
number of plasma parameters or by the corresponding D/X B ratio. The latter
can be taken from calculations considering the break—up of the methane molecule
and the transport losses. The dissociation of the methane molecule leads to a
CH radical which is electronically excited (via electron impact) to the A?A state
followed by the radiative decay into the ground state X ?II. On the basis of
known dissociation and excitation rate coefficients no isotope effect exists in the
D/XB ratio. This fact was also measured in laboratory ECR plasmas where
methane or deuteride methane plasmas were investigated in detail by emission
spectroscopy and LiF measurements [Sch95]. Since the rotational temperature
of the CH or CD molecule does not depend on the discharge conditions, only a
part of the spectrum, which is not overlapped by other lines or molecular bands,
can be used for integration. The relation to the whole. band spectra can then
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Figure 5.44: Emission spectrum of the CD band around 431 nm which is superimposed by a
line of CII. The D., and Djs lines are marked as well as the emission of the impurities: BII line
and BD band.

by taken from undisturbed spectra or from simulations of spectra. Figure 5.44
shows a spectrum observed in ASDEX Upgrade after a boronization of the walls
for oxygen gathering. Therefore, the BD band emission and the BII line are
visible. Simultaneously, in the same spectral window the Balmer line Dy can be
observed which represents the hydrogen flux. The part of the spectrum which is
taken for the analyses is grey shaded. '

It should be kept in mind, that higher hydrocarbons (C,H,), which may be
produced at the surface as well, are counting multiple to the carbon flux. These
hydrocarbons can also dissociate into the CH radial and therefore contribute to
the band emission. Such a path is not included in the calculations up to now,
since either the fluxes of C,H, have to be measured separately or their formation
has to be calculated. Additionally, the hydrocarbons can be produced at the
surface or can be formed in the small, cold plasma layer in front of the surface.
Here, further investigations have to be carried out if, e.g. the radiation of the C,
band will provide CyH, fluxes, a subject which is tested in laboratory plasmas
and will be described later on.

In low pressure plasmas, the fluxes can be determined for the diffusion domi-
nated regime by the measurement of the density gradient and in case of molecular
flow by the density and mean velocity of the particles (Sec. 5.2.3). However, for
methane, the radiation of the CH radical has contributions from direct excitation
of the CH radical and from dissociative excitation of methane. The latter can
be the dominant excitation source in low pressure plasmas, since the dissociation
degree of methane is low. Furthermore, higher hydrocarbons, i.e. CoHy, are pro-
duced very effectively by heavy particle collisions in the plasma and contribute
also via dissociative excitation to the CH radiation. Details of methane plasmas
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Figure 5.45: Particles of a hydrogen plasma bombarding a carbon surface and particles formed

at the surface and penetrating into the plasma.

will be given in Sec. 6.1. In contrast to fusion experiments, the density of the
CqH, particles can be measured directly by mass spectrometry. Thus, a possible
correlation between the radiation of a Cy band and CqH, particle densities can
be figured out.

In general, laboratory plasmas enable weight loss measurements for the de-
termination of carbon fluxes. However, direct weight loss measurements are re-
stricted to pure materials, i.e. doped materials need additional surface analysis
techniques. If redeposition occurs during the erosion process, weight loss mea-
surements result in erosion yields which are too low. Nevertheless, results from
weight loss measurements can be compared of with results from emission spec-
troscopy. Furthermore, the correlation of carbon fluxes with radiation of the CH
radical and the Cy molecule can be calibrated.

5.4.2 Parameter range and diagnostics

Measurements of erosion yields of fine—grain pressed graphite (EK98) were carried
out mainly in the ICP discharge but also in the ECR discharge. The homogeneous
plasma parameters above a surface in the ICP plasma and the possibility to install
a substrate holder which provides the possibility of active heating and cooling as
well as biasing, favours the ICP discharge. Due to the excitation mechanism
of the ECR plasma, each additional conductive material disturbs the resonator
cavity and the plasma generation becomes difficult.

Figure 5.45 shows schematically the manifold of the bombardment of particles
on the substrate and particles which may be formed, reflected or recombined at
the surface. These particles penetrate into the plasma and can undergo further
reactions such as dissociation, excitation and ionization. The plasma parameters
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parameter value

gas mixture 10%H,(Ds)/He at 20 Pa
electron temperature T,=3¢eV

electron density ne = 101" m™3

heavy particle temperature | T, = 650 K

dissociation degree 6 = Natom/ (Natom + Mmot) = 10%
atomic flux lg=Tp=26x%x102 ' m 257!
atomic/ion flux Tatom/Tion = 70

ion species Hi ~ Hf ~ 100 x Ht

bias Upies = =40 — 40 V

ion energy Eyr=54—-56eV

substrate temperature T, = 300 — 1000 K

material, size fine—grain graphite: EK98, 30 x 30 mm

Table 5.2: Parameters of the ICP plasma used for measurements of erosion yields.

and, particularly, the flow of particles to the substrate must be known precisely
for the interpretation of erosion yields. For convenience, the parameters of the
ICP discharge are compiled in Tab. 5.2. Parameters in the ECR plasma are quite
similar. The range of additional substrate biasing which varies the ion energy, and
the range of the substrate temperature are given also. The correlation of bias and
voltage accelerating the ions was determined by measuring the modification of
the plasma potential with bias in the grounded chamber using Langmuir probes.
It is obvious, that in such low pressure plasmas, chemical erosion of carbon can be
studied at low atomic temperatures and low ion energies. Due to a combination
of atomic and ion fluxes a synergistic effect is expected. Systematic investigations
concerning the isotope effect of hydrogen and deuterium can be worked out.

As diagnostic methods for erosion yields, emission spectroscopy and weight
loss measurements were applied. Atomic hydrogen densities and fluxes were ob-
served from the radiation of Balmer lines. The absolute values of carbon fluxes
result from weight loss measurements, whereas relative dependencies were ob-
tained from the CH/CD band emission around 431 nm. In addition, the Swan
band around 516 nm of the C, molecule was measured, which provides infor-
mation on the formation of higher hydrocarbons (C.H,). In the case of ECR
plasmas, mass spectrometry measurements (residual gas analyser) were carried
out as well. Details of the ICP parameters and diagnostics as well as the results
presented in the following are given in [Pau00, FP01].

5.4.3 Formation of methane and higher hydrocarbons

The formation of methane and higher hydrocarbons by plasma wall interaction
of hydrogen and deuterium plasmas with carbon surfaces can be proved with a
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Figure 5.46: Mass spectra of hydrocarbons in the ECR discharge. Shown are measurements of
hydrogen and deuterium plasmas interacting with carbon fibre material (CFC).

mass spectrometer. A comparison of measurements with a residual gas analyser
in ECR hydrogen plasmas with those of deuterium plasmas is given in Fig. 5.46.
A one dimensional carbon fibre composition (CFC) was used as substrate at
500 K substrate temperature. Some selected peaks are marked as well as the
magnification of the hydrocarbon groups. Obviously, each group is represented
by its fragmentation pattern, for example, the CoH, group represents a mixture
of CyH,, CoHy and CyHg fragmentation. Calibration of the gas analyser with
these gases allows to specify the composition of the CyH, group and the densities
of the three components. For hydrogen, the density ratio of methane to the CoH,
density was measured to be four, which means that higher hydrocarbons must
be taken into account for the determination of carbon fluxes and erosion yields.
Due to the lack of calibration gases, the determination of absolute C3H, densities
and deuterides were not possible, but a closer look at Fig. 5.46 suggests a similar
ratio for deuterium as for hydrogen.

Results of emission spectroscopy (CH/CD band) are shown in Fig. 5.47 and
are compared with intensity signals of CH,/CDy obtained by the gas analyser.
The dependencies on the substrate temperature agree very well, the isotope effect
is obvious (factor of three). The measurements were carried out in the ECR
discharge in a 10%H;(D;)/He mixture at 15 Pa. Helium was added in order
to increase T, of the plasma so that the signal-to-noise ratio of emission bands
was improved. Since the substrate holder was floating, the ion energy is around
3kT,, i.e. 10 eV. The edge observed at 800 K in all four signals together with
the strong isotope effect indicate chemical enhanced erosion (synergistic effect).
Measurements with pure atomic bombardment would result in a peak, located
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Figure 5.47: Intensities of the CH(CD) band measured by emission spectroscopy and the
CH,(CD,) signal measured by mass spectrometry in Hy (D, )-ECR discharges on graphite.

around 600 K (T = 2 x 10" m~2 s, [HSB*94]). Additionally, no isotope effect
is expected. Measurements in a tokamak plasma (TEXTOR-94, which is a limiter
machine) showed a weak peak around 1000 K at hydrogen fluxes of approx. 10%?
m~2 s7! [PPE"97]. The synergistic effect hides the peak at low temperatures-so
that only the decrease at higher temperatures is obtained. This means that below
800 K the ion bombardment causes the erosion whereas at higher temperatures
atomic fluxes dominate. As a consequence the isotope effect should vanish at high
T, which could not be observed in the measurements (Fig. 5.47). Nevertheless,
a stronger drop off is indicated for deuterium than for hydrogen. Furthermore,
it should be kept in mind that the shape of the curves depend on the absolute
fluxes and the ratio of ions to atoms.

Detailed investigations were carried out in the ICP discharge using graphite
as substrate (EK98). First of all the radiation of the Swan band of Cy(H)(Cy(D))
around 516 nm was detected simultaneously with the radiation of the CH(CD)
band in hydrogen (deuterium) plasmas. Since the densities of the radicals
(ncm,ne,) are very low in these plasmas the direct excitation channel can be ne-
glected and the main excitation process is dissociative excitation. The radiation,
Ny and ch, is then correlated to the densities of CHy and CoH,, respectively:

Neg = nea,neX&%(T,) and Ng, = ney,NeX Gy (1) - (5.19)

Xen(T,) and X&M(T,) are the dissociative excitation emission rate coefficients.
The energy threshold of the cross sections for both processes is very similar (=15
eV for CH and ~ 18¢V for C;). Therefore, variations in plasma parameters,
particularly in electron temperature, will have the same effect on either radiation.



142 Chapter 5. Hydrogen and Deuterium Plasmas
06 - T A_IA_—x&'"‘r‘—‘:“‘l—-‘:—~-ll§|"
04F 4 g 0% - *--—--—- .--——0 -

¢ J
()
O 02r -
5 1 800 K 1
5(\] 0.0 ———t——————————
S BN
s 0.4r AT -
O A - ® ‘
= o02f ®%e° .
T i ]
T 550 K
(.3. 0.0 : —tf
2 H 300 K 1
S 04t @ .
=
= i A l
@ -
(] 0.2 I _--=Z : ———— .. —
E x:l=“:’—’

S ]

OO L | L | 1 1 1 1 !
0 10 20 30 40 50

ion energy [eV]

Figure 5.48: Intensity ratios of Cy(H)/CH in hydrogen and Cy(D)/CD in deuterium plasmas
as a function of ion energy for three substrate temperatures (EK98).

The dissociative excitation of the CoH, molecules into CH may contribute to the
radiation of CH also, but was neglected here for simplification, since the density
of the higher hydrocarbons is not well known.

Measured intensity ratios of Co(H)/CH and Cy(D)/CD are plotted in Fig. 5.48.
The ion energy was varied between 5 eV and 45 eV at 300 K, 550 K and 800 K
substrate temperature. At 300 K the formation of higher hydrocarbons increases
with ion energy (factor two). For higher temperatures deuterium indicates more
C, formation than hydrogen and is highest at 800 K (factor 1.4). The increase
with ion energy becomes smaller and reaches a saturation at maximum substrate
temperature.

In order to emphasize the differences for the isotopes, Fig. 5.49 shows the
Cy(D)/Cy(H) and CD/CH ratios depending on substrate temperature at 8 eV
ion energy. At room temperature equal intensities were observed for the isotopes.
With increasing substrate temperature erosion due to deuterium particles be-
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Figure 5.49: Intensity ratios of Co(D)/Cs(H) and CD/CH in hydrogen/deuterium plasmas
depending on substrate temperature (EK98).

comes more efficient. Supplementary, higher hydrocarbon production is favoured
in deuterium discharges. '

As a consequence of the different dependencies of CH and Cy(H) (CD and
Co(D)) intensities on substrate temperature and ion energy both radiations were
considered for the determination of carbon fluxes:

le=T¢cmg, +2x FCgHy = ncH,9cH, T 2 X N, 1, Vc, H, - (520)

The fluxes are written in terms of densities and mean velocities. Using Eq. 5.19
the densities can by replaced by the measured radiations:

- o N, Jmeom, Xem (T
T = Ngg—meit__ x (1 b L0 g VTCH < ggg( 6)> . (5.21)
”eXCH(Te) Necg +/McCyH, 'X02 (Te)

The velocity ratio was replaced by the mass ratio and Eq. 5.21 was simplified:

PC:A X NCH(]- -+ B x ].\[C2> , (522)
CH

where B is a factor which can be calculated using the mass of CyHj for the higher
hydrocarbons. Rate coefficients for dissociative excitation were derived from the
cross sections given in [ABHT71] and [TINT90] for CHs and CyH,, respectively.
As discussed before, the threshold energies of the excitation processes are similar.
As a consequence the ratio for the rate coefficients is almost independent of 7T,
and is 4.0 for hydrogen which was also used for deuterium. The factor A can
be taken from a calibration of carbon fluxes which were gained from weight loss
measurements as described in the next section.
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5.4.4 FErosion yields at low temperatures and low ion
energies

Erosion yields were determined by using two experimental methods: the first
method is based on weight loss measurement of the substrate before and after
plasma exposure. Since the typical time scale of a substrate being in the plasma
was approximately eight hours, re-deposition can occur. In this case the carbon
fluxes is somewhat underestimated. Furthermore, the surface can also be modified
during the deposition time. The second method, which was carried out in situ,
is the spectroscopic measurement of the CH and C, band emission and gave in
a first step only relative dependencies of carbon fluxes but were then absolutely
calibrated with results from weight loss measurements. Here, the carbon flux
at 300 K substrate temperature and 10 eV ion energy was chosen as calibration
point. The calibration factors A and B (Eq. 5.22) were determined to be: A =
0.57, B = 6.27 for hydrogen and A = 0.38, B = 6.76 for deuterium. Thus, erosion
yields gained from spectroscopy consider the formation of methane and higher
hydrocarbons. The measurements are compared with calculations carried out
with Roth’s model [RGR96, RGR97]. The measured atomic and ion fluxes and
the scaling for the ion energy were used as input data. It was assumed that HY
is the dominant ion species and the ion energy will be split up at the surface in
equal energies for H and HT. Since only the ions have the energy mentioned and
since the dominant particles are atoms a enhanced chemical erosion (synergistic
effect) is expected, which is not included in the model explicitly. This must be
taken into account when comparing the results.

Dependencies on ion energy at 300 K, 550 K and 800 K graphite
temperature
Erosion yields obtained from weight loss measurements, emission spectroscopy
and Roth’s model are shown in Fig. 5.50 for three substrate temperatures. Spec-
troscopic results agree very well with weight loss measurements. The erosion
yields increase with increasing ion energy, whereas at higher temperatures satu-
ration occurs. At 800 K measurements in deuterium give a factor of two higher
erosion yields (Y ~ 2%) than results in hydrogen (Y =~ 1%). The isotope effect
becomes smaller at lower substrate temperatures and lower ion energies. At 300
K and 5.6 eV ion energy the isotope effect vanishes completely. At this point pure
chemical erosion occurs. The measured erosion yield is 0.15%. With increasing
ion energy the additional ion bombardment becomes important, the erosion yield
increases as well as the difference in the isotopes. Here, the chemical enhanced
erosion takes place, i.e. the synergistic effect. At 800 K the influence of atomic
hydrogen is completely covered by the effect of ions in the whole energy range.
Model calculations agree in principle with measured results. Satisfying agree-
ment is observed for ion energies above 15 eV. In contrast to the measurements,
the isotope effect is predicted to decrease with substrate temperature. Generally,
the difference in the isotopes vanishes at low ion energies because of the dominat-
ing term of thermal chemical erosion. Sputtering or desorption processes in the




5.4. Chemical erosion of carbon 145

1 Ll

0.1

TTIT

LI

T T T
o Tl VR

0.1

erosion yield [%]

T Lrnd

(I B WA

0.1

o
—b
o

20 30 40 50
ion energy [eV]

Figure 5.50: Erosion yields of graphite (EK98) in hydrogen and deuterium plasmas as a func-
tion of ion energy (dominant species: HY) for three substrate temperatures.

calculation are assumed to have an energy threshold. Discrepancies between mea-
surements and calculations are significant at lower ion energies, and are largest
at 550 K and 5 eV: results from modeling give an erosion yield of 0.1% for either
isotope, whereas measurements reach 0.4% for hydrogen and 0.6 — 1% for deu-
terium. It is concluded, that the deviations are probably due to the synergistic
effect which is not included in the calculations. The chemical erosion is based on
the model of Horn et al. [HSB*94]. Furthermore, higher hydrocarbons are not
considered in the formula.

Dependencies on substrate temperature at 8 eV ion energy
Figure 5.51 shows erosion yields as a function of the substrate temperature at
8 eV ion energy, i.e. 4 eV per particle (H and H* or D and D). Both diag-
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Figure 5.51: Graphite (EK98) temperature dependence of erosion yields at 8 eV ion energy (4
eV per H and H" particle).

nostic methods agree very well and show an increase of the isotope effect with
substrate temperature, whereas modeling yields only a minor isotope effect at
higher substrate temperature. Spectroscopic measurements indicate a maximum
at a substrate temperature of around 800 K which is in agreement with the cal-
culations. Maximum erosion yields are 2% for deuterium and 1% for hydrogen,
calculations are between these values. Remarkable is the contrary behaviour of
measurements and calculations for the isotope effect with substrate temperature.
At room temperature an erosion yield of 0.2% remains whereas calculations pre-
dict 0.14% for deuterium and 0.05% for hydrogen. This may be due to the use of
a fit parameter in the calculations, which describes the physically enhanced chem-
ical erosion. This parameter @ is set to be different for D and H (@ =0.1for D
and Q = 0.035 for H), and the ratio is the same as the ratio of the predicted ero-
sion yields. Furthermore, deviations between measurements and modeling might
again be explained by the contribution of higher hydrocarbons. Spectroscopic
results derived from the radiation of CH alone, i.e. without considering Gy, would
result in a weaker dependence on substrate temperature.

Summary

Measurements of erosion yields of carbon (pressed graphite: EK98) at low atomic
temperatures and low ion energies in hydrogen and deuterium ICP plasmas were
carried out. Due to the properties of the low pressure plasma, the bombardment
of the surface is a combination of cold atoms (I'y = I'p = 2.6 x 10* m~? s7') and
low energy ions (5 - 40 eV). The ion flux was two orders of magnitude below the
atomic flux. Weight loss measurements and emission spectroscopy were applied
for the determination of absolute carbon fluxes. Special regard was given to
the formation of higher hydrocarbons by analysing the radiation of the Cqy Swan
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band. Results from emission spectroscopy are only consistent with results from
weight loss measurements if CH as well as C, emission is considered. This shows
clearly the contribution of higher hydrocarbons to the erosion yield. At room
temperature and low ion energy no isotope effect occurs, but an erosion yield of
0.1% still remains. With increasing ion energy an isotope effect becomes visible
due to the synergistic effect of atoms and ions, i.e. the chemical enhanced erosion.
An increase of substrate temperature results in a maximum yield of Y = 2% for
deuterium and Y = 1% for hydrogen around 800 K. The isotope effect increases
with temperature. Comparisons with the semi-empirical model of Roth are in
good agreement for ion energies above 15 eV. However, at low ion energies and,
particularly, room temperature discrepancies occur. Since the model is based on
data which is taken from either pure ion beam experiments at high ion energies or
from pure atomic particle bombardment on surfaces and from fusion experiments,
the presented results from laboratory plasmas fill the gap in the data base for low
ion energy and low substrate temperature.
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Chapter 6

Other Molecular Plasmas:
Methane, Silane, Nitrogen,
Oxygen

The analogy between other molecular low pressure plasmas and hydrogen plasmas
is one of the main topics in the following sections. In particular, spectroscopic
diagnostics of the particle densities and the degree of dissociation will be em-
phasized. Here, atomic lines and molecular bands suitable for determination of
particle densities will be identified. Methane and silane plasmas are of special
interest, since on one hand their application in plasma technology is manifold
(production of thin films) and on the other hand the dominant particle species
is mostly molecular hydrogen (main dissociation product). Nitrogen and oxygen
plasmas are also used for technological processes and the atomic densities, i.e.
“degree of dissociation, is one of the most important parameters for the applica-
tions. Additionally, the gases are the same simple diatomic gases as hydrogen
and comparison of dissociation degrees under the same discharge conditions will
improve the understanding of molecular processes. A summary of plasma chemi-
cal deposition and etching of thin films, in particular, a discussion of carbon and
silicon films, is giving for example, [Gri94].

6.1 Methane and silane plasmas

Methane plasmas are commonly used for the deposition of thin films, i.e.
diamond-like coatings or amorphous carbon films (a-C:H). In the case of silane
plasmas, amorphous silicon films (a-Si:H), polycrystalline or monocrystalline sili-
con films are of special interest. The main interest is usually focused on optimizing
film characteristics by varying plasma conditions, however a detailed analysis of
plasma processes and parameters is often neglected. For a better understanding
of the deposition and plasma processes, measurements of plasma parameters are
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highly desirable. Additionally, these measurements can contribute to a better
interpretation of chemical erosion measurements of carbon and silicon layers with
hydrogen plasmas which is important in fusion experiments. In particular, the
dissociation channels can be investigated in detail in such laboratory experiments.
Since carbon and silicon are elements from the same periodic group, a comparison
of these plasmas and their processes is of special interest.

A compilation of the efforts in understanding methane plasmas is given in the

introduction of MRDRO1]. [PLB96] and references herein, give an overview about

silane chemistry. Spectroscopic diagnostics and modeling of methane plasmas and
silane plasmas are described in [Beh91] and [Fan98], respectively.

The following sections will describe, in extracts, the application of emission
spectroscopy in methane and silane plasmas which was expanded by mass spec-
trometry and by modeling of radical densities. In order to identify excitation
channels of radicals, densities of higher hydrocarbons and silanes, which are
formed by heavy particle collisions in the discharge, were measured as well. De-
tails of the measurements and results can be found in [Mei00] for methane and
[Fan98] for silane plasma. All investigations were carried out in the ECR dis-
charge.

6.1.1 Dissociation channels

Figure 6.1 gives the dissociation and ionization chain of methane and silane by
electron impact collisions, which are the dominant reactions in low pressure dis-
charges. In contrast to methane, the silane ion SiH[J is an unstable ion. It
predissociates immediately into SiHy . Of course, each dissociation reaction pro-
duces molecular or atomic hydrogen and a hydrogen chain has to be added to
the pure methane and silane chains. Since higher hydrocarbons and silanes are
formed in the plasma as well, their dissociation and ionization channels have to
be added also. The threshold energy for dissociation is around 10 eV for methane
whereas for silane 8 eV is necessary. Figure 2.4 gives the comparison of disso-
ciation cross sections. Thus, one expects a higher dissociation of silane than of
methane plasmas, leading on one hand to a dilution of the input gas and to the
other hand to higher growth rates for films. The dominant parameter for dissoci-
ation is 7, due to the strong dependence of the rate coefficients on this value. It is
further expected, that in methane the CHJ ion is the most dominant ion whereas
in silane plasmas SiH; should dominate. However, depending on the amount of
higher hydrocarbons or silanes the dominant ion species may be CoH; or SiQH;
ions. Since their ionization energies are 2 — 3 eV lower than those of methane or
silane and since their masses are considerable higher, these plasmas will have low
T, (around 1 — 2 eV).

6.1.2 Formation of higher hydrocarbons and silanes

Higher hydrocarbons (CoH,, CsH,) and silanes (SizHy, SizH,) are produced in the
plasma by heavy particle collisions. Here, molecule-molecule as well as molecule-
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Figure 6.1: Dissociation and ionization channels of CHy and SiHy induced by electron impact

collisions. SiHI 15 an unstable ion.

ion reactions occur. For example, CH3z + CH3z — CyHg is one of the main
reactions. In the case of silane plasmas the dominant reaction is SiH, + SiHy —
SisHg. Since these reactions depend strongly on neutral densities, discharge
pressure and dissociation degree are important parameters. The rate coefficients
depend only slightly on gas temperature.

However, at gas temperatures above approximately 1000 K, additional chem-
ical reactions becomes important leading to, e.g., dissociation. A simulation of
the pure methane chemistry (without electron impact dissociation) can be carried
out with the CHEMKIN code package [KRMM96]. Since the gas temperatures
of the plasmas investigated here are around 500 K plasma chemical reactions are
negligible.

Since densities of SiH, and CHjz are high in low densities plasmas, higher
silanes and higher hydrocarbons are produced very effectively and may therefore
dominate the plasma behaviour. In particular, ions of these particles become
important.

6.1.3 Particle densities

Obviously, in methane and silane plasmas the species of particles are manifold
and the more particle densities of different species can be measured the better
will be the identification of dominant reactions channels which is important for
improving and optimizing film growth. In order to get as many particle densities
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Figure 6.2: Emission rate coefficients for the CH and SiH band originating from direct excita-
tion of CH and SiH as well as dissociative ezcitation from CHy (CyHz) and SiHy, respectively.

as possible three diagnostics were combined: spectroscopic diagnostics, residual
gas analyser and modeling.

Emission spectroscopy

From the dissociation chains, the radicals which are accessible for emission spec-
troscopy can be identified: CH or SiH and C or Si radicals emit in the visible
spectral range (around 430 nm) and in the near UV (around 250 nm, 190 nm and
160 nm), respectively . Polyatomic molecules radiate preferably in the infrared
spectral range and absorbtion becomes more frequent than emission of light. Of
course, Hy and H radiation is accessible as well. In the case of methane plasmas,
radiation of the Cy molecule is easily detectable (Swan band around 516 nm).
Radiation of the Siy molecule is generally too weak. Radiation from ions is also
too weak for observation, since ion densities are very low.

In order to obtain radical densities, the excitation channels have to be iden-
tified and rate coefficients as well as the plasma parameters n, and 7, have to
be known. The latter was taken from the absolute radiation of the Hezog line
(helium was used as buffer and diagnostic gas) and n. was taken from microwave
interferometry. Figure 6.2 shows emission rate coefficients for the CH and SiH
band excited by direct electron impact from the ground state of the radical, and
excitation due to dissociation of the CHy, CoHy molecule and the SiHy molecules,
respectively. Although the direct rate coefficients exceed more than two orders of
magnitude those for dissociative excitation, the latter can dominate the contribu-
tion to the measured radiation. This is due to the low density of the radicals in
comparison to the methane and silane density. Remarkable is the higher rate coef-
ficient for dissociative excitation from CyH, than from CHy molecules. Assuming
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Figure 6.3: Contribution of CH, CHy and CyH, excitation to the CH emission as well as Cy
and CoHy excitation to the Cy emission in two miztures of methane in helium.

a density ratio of 1/10, the contribution of both dissociative excitation paths to
the radiation is comparable. In the case of C (Si) radiation direct excitation
out of the ground state and the metastable states of the atoms and dissociative
excitation from CyHy (SigHs) have to be taken into account. The population of
the metastable states can be obtained from measurements of the corresponding
lines in the triplet system. For the evaluation of the Swan band (C,) excitation
out of the Cy and CyHy molecule is important. For Balmer line excitation, con-
tributions from methane (silane) have to be considered. Molecular hydrogen is
excited only by direct excitation. A compilation of rate coefficients for silane are
given in [Fan98], the data for methane is summarized in [Mei00].

Figure 6.3 shows the contribution of CH, CHy and C,H, excitation to the
CH emission as well as Cy and CyH, excitation to the Cy emission in two mix-
tures of methane in helium. In the helium dominated discharge direct excitation
dominates over the dissociative excitation and the densities of CH and Cs can
be determined with good accuracy. In methane dominated plasmas, where elec-
tron temperature is low, the degree of dissociation is low, which means that the
radiation originates mainly from the dissociative excitation of methane. Never-
theless, the determination of the molecular carbon density is possible whereas the
determination of CH densities result in large error bars.

From the CH and SiH radiation, the rotational temperature in the excited
state was obtained by comparing measured spectra with calculated spectra where
T..: is the parameter for the fit. However, a good fit could only be obtained
by introducing two rotational temperatures: a smaller one for lower rotational
quantum numbers (800 — 1200 K) and a higher one for higher quantum numbers
(1200 — 2000 K). The limit is at J = 8 for CH and J = 10 for SiH. The rotational
temperatures vary with gas mixture and pressures. It is assumed that dissociative
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Figure 6.4: Composition of the Cy Hy group as measured in two miztures of methane in helium.

excitation populates preferable higher quantum numbers. In the case of Cq, T}
was observed to be 450 K and is identical with the gas temperature.

Mass spectrometry _

Since the mass spectrometer was used as a residual gas analyser, only stable neu-
trals could be observed. Stable particles are methane and silane itself and here,
the dilution, i.e. the dissociation, could be measured directly. The demixing of
gases in the vacuum vessel was determined as well as the formation of molecular
hydrogen higher hydrocarbons and silanes in the plasma. Together with a cali-
bration of the system the composition of the CoH, group was obtained. Results
measured in two methane/helium mixtures are given in Fig. 6.4. For low methane
contents, CoHy gives the most contribution to the CyH, group and is dominant
even at higher methane contents. These results agree well with those presented
in [Pec98] which gives a detailed discussion concerning the composition of higher
“hydrocarbons in such ECR discharges.-

Modeling

In order to get densities for all particles in the plasma, modeling is necessary.
From the particle balance (Sec. 2.3.1) the densities of neutrals and ions are ob-
tained. The ionization balance (Sec. 2.3.2) allows the determination of 7¢. n. can
either be taken from a power balance or can be used as input parameter for the
modeling, where the latter was done in the present case. Modeling requires a lot
of input data which have to be compiled. Furthermore, the dominant reactions
channels have to be identified and, due to lack of data, scaling may be necessary
for rate coefficients. It is obvious that such a model needs confirmations from
measurements with as many densities as possible. A model for methane is de-
scribed in [Beh91], however, neglecting higher hydrocarbons. The self-consistent
model for silane is described in [Fan98] and [Sch94]. In this particular model
higher silanes, sticking coefficients of particles at surfaces as well as Penning
reactions with the He and Ar were considered.
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Figure 6.5: Electron temperatures and particle densities in two methane miztures determined

by emission spectroscopy and mass spectrometry.

Results
Electron temperatures and particle densities of two mixtures of methane in helium
were measured in the ECR plasma depending on discharge pressure. The results
are shown in Fig. 6.5. In the 5%CH,/He plasma 7, ranges from 3 eV to 1.7
eV and the dissociation of methane is considerable. The methane density in the
plasma is 1/10 of input gas density. The sum of the gas flows of both gases
was 20 sccm. The gas density of methane was replaced by molecular hydrogen
which exceeds then clearly the methane density in the plasmas. In plasmas with
95%CH,/He and lower T, the decrease of the methane density in the plasma is
small and is always the dominant species. Here, molecular hydrogen is about
1/5 of the methane density. Concerning the sum of the CpH, densities, these
particle densities are 1/10 — 1/3 and 1/50 of the methane density in the plasma
with low and high methane contents, respectively. Due to the high degree of
dissociation, in the first case, CHs and CH, densities are high also and heavy
particle collisions become effective, in particular with increasing pressure, and
produce the higher hydrocarbons. As mentioned before, the species Hy, CHy4
and CyH, were measured by the residual gas analyser and were then used for
calculating the contribution to the radiation of the radicals which is necessary to
determine radical densities from emission spectroscopy.

Atomic hydrogen densities are low in methane plasmas, indicating a sepa-
rating of molecular hydrogen rather than atomic hydrogen in the dissociation of
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hydrocarbons. The dissociation degree of molecular hydrogen ¢ is below 1% in
methane plasmas and comparable with § in Hy/He plasmas. The radical densities
of CH and C were measured as nearly identical in both methane mixtures. This
behaviour is not expected since it is assumed that dissociation of CH leads to C
which then should be below the CH density. Additionally, recombining particles
of C would result in Cy. The C, densities were measured to be more than two
orders of magnitudes below the C densities. In the case of low methane mixtures
in helium, the Cy densities were measured from the Mulliken band around 230
nm supplementary to the Swan band. This transition is a very weak transition
but is coupled directly to the ground state whereas the Swan band is coupled
to the metastable state. The agreement between both results is satisfactory and
indicates a similar population for both states. The most probable channel for pro-
ducing molecular carbon is the dissociation of the CyH, group into CoH which
then dissociates via mutual heavy particle collision to Cy and CoHs.

Results of silane plasmas are shown in Fig. 6.6. T, was measured by adding 1%
helium to the 5%SiH,/H, mixture, for this purpose only. Part (a) compares mea-
sured results with results from the modeling of silane/hydrogen plasmas. Filled
symbols refer to spectroscopic diagnostics whereas open symbols denote results
from mass spectrometry. For molecular hydrogen both techniques were applied,
using the radiation of the Fulcher bands for emission spectroscopy. As discussed
in Sec. 5.2.5 spectroscopic results from the Fulcher bands show always some de-
viations to mass spectrometry results, which was attributed to uncertainties in
the emission rate coefficient. However, the agreement between measurements and
calculations is very good for all densities, thus confirming the model for silane.
The model allows a detailed study of processes affecting individual particle den-
sities. For example, the decrease in SiH and Si densities with pressure is due to
more heavy particle collisions with silane and molecular hydrogen. The identified
reactions are: SiH + SiHy — SioHs + Hy and S1H + Hy — StHj3 in the case of
SiH, Si + SiHy — 2SiH, and St + Hy — SiH, in the case of Si. Both collision
partners are the dominant species in silane plasmas. As in methane plasmas,
molecular hydrogen is identified to be the preferred dissociation product. With
increasing pressure the disilane density comes up as the higher hydrocarbons den-
sities do as well. It is noticeable that silane plasmas show the expected behaviour
in lower Si densities than SiH densities which was not given in methane plasmas
for C and CH densities.

The confirmation of the model by measurements in some densities allows
reliable predictions for all densities which are included in the model and which
are not accessible by the applied diagnostic methods. Figure 6.6b gives the neutral
and ion densities of the 5%SiH,/H, plasma, which is very similar to plasmas used
for film deposition. At high pressure, the SiH; density is higher than the SiH,
density, whereas at low pressure the number densities are almost equal as expected
from electron impact dissociation of silane (36%SiHs, 43%SiHz). Due to the heavy
particle collisions at higher pressure the SiH, density is reduced by the following
reactions: SiHy + H — SiHj including production of higher silanes with silane
and disilane SiH, + SiH, — SioHg and SigHg + SiHy — Si3Hg. The disilane
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Figure 6.6: Electron temperatures and particle densities in 5%SiH,/95%H, plasmas. Part (a)
compares measurements and calculations, whereas part (b) gives all densities calculated with the

silane model.

dissociates by the reactions SioHg + H — SiHs + SiH3 and SigsHg — 2SiHj
which results in the decrease of SiH, density and the increase of SiHj density.
Trisilane is produced only at higher pressure from disilane resulting in smaller
densities than disilane.

The ion densities follow the ionization energies and the densities of the cor-
responding neutral radicals. Because of the high Si;Hg density and the lowest
ionization energy, the ion density of Si;H] is predominant in all plasmas. In
addition, the confinement times of these ions are high due to their great mass.

In summary, model calculations provide an insight into the kinetics of reac-
tions in silane/hydrogen plasmas and silane/noble gas mixtures. The good agree-
ment of experimental and theoretical data allows a prediction of densities, which
are not accessible by the present diagnostics. This applies especially to SiHs and
SiH, which are identified to be the dominant species in film growth. Addition-
ally, the role of disilanes and trisilanes, which contribute considerable to plasma
reactions, could be studied. Such a model would be very useful for methane plas-
mas in particular for improving the evaluation of spectroscopic measurements of
chemical erosion in laboratory plasmas as well as in fusion experiments.

6.2 Degree of dissociation

The degree of dissociation is one of the key issues in plasma processing. The plas-
mas are used to produce atomic and ion densities which modify the surface. In
the case of nitrogen, silicon films are doped whereas oxygen or hydrogen plasmas
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are applied for film cleaning and etching. In the following sections the degree of
dissociation in nitrogen, hydrogen and oxygen plasmas, generated in the ECR dis-
charge, are compared. Atomic densities were measured by emission spectroscopy
and suitable diagnostic lines were identified. Molecular densities were measured
by the residual gas analyser accounting for the demixing of gases in the plasma
chamber. Details of the results presented here are given in [Mei00].

6.2.1 Nitrogen and nitrogen/hydrogen plasmas

In nitrogen plasmas, radiation of molecular nitrogen bands are the most promi-
nent band systems which are partly superimposed by emission of the molecular
ion. The radiation of the molecular band around 380 nm was already used for the
determination of gas temperature and is therefore a good candidate for measuring
the N, density by emission spectroscopy. Additionally, the NJ band around 391
nm (first negative system , 0-0) can be used for the Ny density. In this case two
excitation channels have to be considered, i.e. direct excitation from the ion itself
and excitation from Ny. Applications have already been introduced in Sec. 4.2.2
and Sec. 4.3.1 and rate coefficients are presented in [Beh91].

Atomic nitrogen lines in the visible spectral range are not identifiable in most
cases due to the strong molecular emission. Using the VUV /UV spectrometer
nitrogen lines at 113 and 120 nm (resonance lines) as well as 124, 149 and 174
nm (out of the metastable system) were detectable. The first three lines are
weak and vanish at low T, of the plasma. Furthermore, resonance lines may be
optically thick which makes data evaluation more complex. The multiplet lines
are intense and suitable for diagnostics. Rate coefficients for direct excitation
were taken from the ADAS code package. Additionally, dissociative excitation
from the molecule has to be taken into account. All rate coefficients are compiled
in [Mei00]. For nitrogen/hydrogen mixtures the atomic hydrogen density was
derived from the emission of the Hg line.

Electron temperatures and particle densities were measured in Ny/He and
N, /H,/He plasmas at 10 Pa, the results are compiled in Fig. 6.7. In all plasmas, T,
is around 2 eV. Molecular nitrogen densities which are spectroscopically measured
are clearly below the real densities and show a decrease with increasing nitrogen
contents in the plasmas. This indicates that depopulation of the excited level due
to heavy particle collisions, i.e. quenching, occurs. In nitrogen/helium plasmas
it is expected that the dominant ion density is Nj and is therefore comparable
to n.. However, the radiation from this ion is decreases with increasing nitrogen
density indicating also quenching effects.

Atomic nitrogen densities determined from two atomic lines are in good agree-
ment and decrease one order of magnitude with increasing nitrogen density. This
result is attributed to the decreasing T, (2.5 to 1.5 eV) and is supported by the
almost constant atomic density in nitrogen/hydrogen mixtures (= 2 eV). The
degree of dissociation is low in nitrogen plasmas, ranging from 10% to 0.1% in
N,/He mixtures and from 0.01% to 0.001% in Ny/H,/He mixtures. The degree
of dissociation for hydrogen is between 0.5% and 0.01% and is higher than the
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Figure 6.7: Electron temperatures and particle densities in Na/He and No/H,/He plasmas
determined by mass spectrometry (open symbols) and emission spectroscopy (full symbols).

one for nitrogen in Ny/H, mixtures. Evaluation of the nitrogen resonance lines
in Ny/He plasmas results in atomic densities which are a factor of 20 below the
densities derived from the line in the metastable system (174 nm line). This
demonstrates that resonance lines are optically thick and their radiation is reab-
sorbed in the plasma. It has turned out that the 174 nm line is the most suitable
line for diagnostics of atomic nitrogen densities.

6.2.2 Oxygen plasmas

In oxygen/helium plasmas various emission bands of OF have been observed
from the first and second negative system of the molecular ion. In the case of
molecular oxygen, the atmospheric absorption system was measured in emission.
Due to the lack of data for emission rate coefficients for these molecular bands,
only dependencies of the radiation with plasma parameters were observed. A
variety of atomic oxygen lines were detected in the visible range as well as in the
VUV/UV range. The following lines were chosen for diagnostics: 130 and 135 nm
lines, both ending in the ground state. The first one is a resonance line whereas
the second one is optically forbidden and is therefore weak. In the visible spectral
range the multiplet lines at around 777 nm (in the metastable system) and 845
nm (in the ground state system) were measured. Cross sections for direct and
dissociative excitation were taken from literature and are compiled in [Mei00].
Figure 6.8 shows results for three mixtures of oxygen with helium at a dis-
charge pressure of 10 Pa. The electron temperature is between 3 eV and 2 eV
decreasing with more admixture of oxygen. The contribution of dissociative ex-
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Figure 6.8: Electron temperatures and particle densities in Oy /He plasmas determined by mass
spectrometry (open symbols) and emission spectroscopy (full symbols).

citation from O, to the 135 nm line was always dominant so that this line is not
suitable for diagnostics. As in nitrogen or hydrogen plasmas, the resonance line
of oxygen (130 nm) is optically thick. The intensities of the individual lines of the
multiplet system vary with molecular density and are only for the lowest oxygen
densities in agreement with the transition probabilities. Thus can be taken as
a further indication of reabsorption. Atomic densities obtained from both lines
in the visible spectral range agree well. The densities obtained are considerably
high, resulting in dissociation degrees of about 30% — 3%. It should be mentioned
that the lower electronic states of these lines are connected with resonance lines.
As a consequence, the radiation of the lines in question may also be enhanced as
it is the case for atomic hydrogen (reabsorption of Lyman lines have increased
radiation of Balmer lines, Fig. 5.12). Therefore, oxygen densities shown in Fig.
6.8 represent an upper limit. Nevertheless, both lines in the visible range are
suitable and very convenient for the determination of atomic densities.

6.2.3 Comparison of Ny, Oy, Hy and Ds plasmas

Figure 6.9 compares dissociation degrees of molecular plasmas in the ECR dis-
charge for 10% and 90% contents of molecules in helium plasmas. The radiation
of the following atomic lines were analysed: 845 nm line (O), 174 nm (N), Hg
and Dg. Oxygen plasmas show the highest degree of dissociation in the plasmas
investigated. In the case of 10% molecules in helium, nitrogen plasmas have a
degree of dissociation of around 10%, which is between those of oxygen and hy-
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Figure 6.9: Comparison of dissociation degrees in 10%molecules/He plasmas as well as in
90%molecules/He plasmas using Ny, Oz, Hy and Dy as molecular gases.

drogen plasmas. Except for oxygen plasmas, T, are comparable in all plasmas.
The comparison of the two admixtures of molecules to helium show a strong
decrease of § with increasing molecular density. The degree of dissociation of
oxygen plasmas remains almost constant with pressure at around 4%, whereas ¢
for the three other gases is between 1% and 0.1% or even lower. Here, nitrogen
shows the lowest degree of dissociation. These results demonstrate the variation
of atomic densities in diatomic molecular plasmas depending on the plasma con-
ditions. Therefore it is necessary to measure atomic densities for each discharge in
question separately. For this purpose, suitable lines for spectroscopic diagnostics,
which has the advantage of in situ measurements, are now identified and checked
for their application. :
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Chapter 7
Summary and Conclusions

Emission spectroscopy of low temperature plasmas was shown to be a powerful
tool for the diagnostics of a variety of plasma parameters. Special emphasis was
given to the diagnostics of hydrogen and deuterium plasmas, which are used in the
wide field of plasma technology as well as in fusion experiments. The diagnostic
methods for atoms and molecules in hydrogen and deuterium were established
‘in laboratory experiments. The transferability to the cold divertor plasmas of
fusion experiments was demonstrated with various examples.

Interpretation of atomic and molecular emission spectra depends strongly on
plasma parameters and was supported by collisional-radiative models. The more
plasma parameters are known the better is the possibility to study atomic and
molecular processes in these plasmas in detail. Therefore, investigations were car-
ried out in four types of laboratory plasmas, commonly used in plasma technology,
i.e. glow discharges, RF, MW and ECR discharges. The plasma parameters were
determined by a multitude of complementary diagnostics, and, in addition, could
be varied over a wide range. Parameters which are not accessible by the diagnos-
tic techniques were calculated using balance equations, for instance the particle
balance to predict radical densities in the plasma. However, such calculations
were checked for individual parameters by results from measurements.

Collisional-radiative models and modeling of plasma parameters require a lot
of input data: cross sections or rate coefficients for excitation, ionization and
dissociation for each excited state and particle species, to name a few of them.
Interpretation of spectra and calculations of particle densities rely on the quality
of these data. Therefore, data necessary for the presented investigations were
complied from literature, critically reviewed and selected if necessary. In par-
ticular, this work compiles data for the interpretation of molecular and atomic
radiation, which enables measurements of particle densities and electron temper-
ature by emission spectroscopy.

The electron energy distribution function was measured either with Langmuir
probes or by spectroscopic methods, assisted by calculations based on the solu-
tion of the homogeneous Boltzmann equation. Electron densities were taken from
Langmuir probe measurements, which provide spatially resolved results. Further-
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more, microwave interferometry which gives results integrated along a line of sight
through the plasma was used. In the case of glow discharges, electron densities
were determined by measurements of the electrical conductivity. If the power cou-
pled into the plasma is known rather than simply the generator power, a power
balance also provides the electron density.

The demixing of gases in the plasma chamber, due to the vacuum system and
valves or apertures, could be determined with a mass spectrometer. Thus, the
neutral gas densities and the precise composition of the gas mixture were known.
It was shown how compositions displayed by mass flow meters would lead to erro-
neous results for the densities. Additionally, the residual gas analyser was used to
measure the dilution of dissociating gases in CHy or SiH, plasmas. A calibration
of these systems, which contain higher hydrocarbons, led to a determination of
the densities of such species in the plasma.

Emission spectroscopy of helium lines was applied as a standard diagnostic
for electron temperature in laboratory plasmas. In most cases helium was used
as buffer gas providing in addition, a method for the active variation of elec-
tron temperature in molecular plasmas. Since argon was also utilized as buffer
or diagnostic gas, argon and helium plasmas were investigated in detail. Both
gases have electronic states which are either metastable, or coupled directly with
the ground state by spontaneous emission, so that the opacity of the resonance
lines becomes important. In order to treat these levels correctly in the evalua-
tion of emission lines originating from higher electronically excited states, their
population have to be known. For this purpose absorption measurements were
carried out in helium and argon plasmas as well as in gas mixtures. It turned
out that metastable states and upper levels of resonance transitions are highly
populated and have to be taken into account in the interpretation of emission
lines. Therefore the simple coronal model is not sufficient for spectroscopic diag-
nostics and has either to be extended by including excitation mechanism out of
the metastable states and opacity, or has to be replaced by a CR—-model. The first
method was chosen for argon since in this case a CR—model was not available. In
the case of helium, two CR—models were used. Because the latest data are imple-
mented in ADAS, and, because of its many fields of application, the ADAS code
package was preferred. Opacity was also taken into account. It was shown that
in these low pressure laboratory plasmas the opacity of resonance lines, and even
the opacity of lines corresponding to transitions from metastable states to higher
levels plays an important role and has to be considered in the determination of
electron temperature. In particular, the enhancement of the population of those
excited states higher in energy than both the resonance and metastable levels
was demonstrated, and its effect included, by introducing so—called correction
factors. The helium line at 728 nm was identified as the preferred diagnostic line,
being the least sensitive of all the n = 3 to n = 2 transition lines to variations of
opacity, metastable population etc.. In the case of argon, the 750 nm or 667 nm
lines were recommended, since excitation out of metastable states and cascading
from higher excited states play a minor role in their population mechanisms.

For hydrogen a CR-model was introduced which predicts populations of elec-
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tronically excited states for atoms as well as for molecular hydrogen. Both systems
are coupled with each other, so that dissociation of the molecule affects the pop-
ulation of atomic levels. In particular, the molecular ground state is vibrationally
resolved, which allows predictions of vibrational populations. The original model
was critically revised and some reactions were added. Furthermore, rate coefli-
cients relevant to the population of vibrational levels in the ground state of the
hydrogen molecule were transferred to deuterium molecules using similar data
sources. This allows predictions for vibrational populations for deuterium as well
as for hydrogen. Additionally, it was shown how effective rate coefficients for
ionization or dissociation can be calculated by considering vibrational popula-
tions, leading to a considerable enhancement of these processes. Here, isotope
effects are of special interest, in particular for predictions in cold regions of fusion
experiments where also tritium is of importance.

The ADAS code package was preferred for the CR-model for atomic hydro-
gen since it contains the latest data. In addition, the opacity of resonance lines
(Lyman series) was treated in the same manner as for helium. The modified ver-
sion of the CR—model, discussed in the last paragraph, uses approximations valid
for high opacity. In order to consider dissociative excitation from the molecule
to the upper states of the Balmer lines, the corresponding rate coefficients were
integrated into the ADAS input files. In contrast to the atomic case, dissociative
excitation differs between the isotopes, and is smaller in the case of deuterium.

The radiation of the Balmer lines was analysed to determine atomic hydrogen
densities in technical plasmas. A very good agreement between the results of each
Balmer line was obtained only if the opacity of the Lyman lines and dissociative
excitation of the molecule were taken into account. A method of analysing line
ratios of Balmer lines for the determination of the degree of dissociation was
introduced. The results of either method agreed well within their error bars.
Typical degrees of dissociation which were observed in the laboratory plasmas
investigated were 0.1% to 20%, varying with discharge pressure, helium admixture
to hydrogen and, slightly, with the isotope.

Spatially resolved density measurements were presented in order to determine
atomic hydrogen fluxes in the plasma. The measured density gradient, together
with the diffusion coefficient yields the atomic flux directly. The atomic fluxes
of hydrogen and deuterium are identical at comparable plasma parameters. By
introducing additional surfaces into the plasma chamber atomic fluxes to the
surface were obtained. Here, a dependence of atomic fluxes and densities on the
material (high—grade steel and graphite) was measured as well as an isotope effect.
The reflection coefficient derived from the measurements is low for hydrogen on
high-grade steel whereas the reflection coefficient for deuterium on graphite is
much higher. :

Molecular radiation was investigated in order to determine molecular densities
which were then compared with results from the gas analyser. The purpose of
these investigations was to identify suitable molecular bands for diagnostics and,
in particular, to check emission rate coefficients taken from various data bases.
The preferred diagnostic band was identified to be the Fulcher band, in the visible
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spectral range around 600 nm. It was also found to be suitable for diagnostics of
vibrational and rotational populations. Nevertheless, discrepancies in molecular
densities from emission spectroscopy were observed and are attributed to the
uncertainty of the corresponding emission rate coefficients which will have to be
examined in the future. Additionally, it was shown that the electron density
dependence of rate coefficients has to be taken into account. This is important,
in particular for the diagnostics of a divertor plasma undergoing a change in
recycling regime, which leads to a change in electron density of more than one
order of magnitude.

A new diagnostic method for the vibrational population in the ground state of
the molecules was established. The radiation of various diagonal vibrational tran-
sitions of the Fulcher band yields the vibrational population in the excited state.
For this purpose, selective quenching, lifetimes and predissocation as well as the
Franck—Condon factors have to be taken into account. Under the assumption of
a vibrational population distribution in the ground state, characterized for exam-
ple by a vibrational temperature, the population transferred into excited states
can be calculated via the Franck—Condon principle. The influence of vibrational
excitation on the rate coefficients was taken into account by reducing threshold
energies. The comparison of the measured and calculated vibrational population
yields the vibrational temperature in the ground state of the molecule, which is
the sole parameter for the fit. Since the method is only sensitive for the first five
vibrational levels in the ground state, the assumption of a vibrational tempera-
ture is reasonable, a fact which was verified by calculations. Results of hydrogen
and deuterium plasmas have shown a considerable vibrational temperature in the
ground state, varying with hydrogen particle pressure from 2000 K up to 8000
K in the case of hydrogen. Deuterium was found to have lower vibrational tem-
peratures. However, since deuterium has more closely spaced vibrational energy
levels, the vibrational population of these levels was found to be almost iden-
tical to that of hydrogen. The method introduced has the great advantage of
being easily applicable, in particular if the experiment is already furnished with
spectroscopic systems.

Detailed investigations were carried out for the continuum radiation of hy-
drogen molecules which is intense in the spectral range of 160 — 400 nm. A
computer program was developed to calculate Franck—Condon factors, transition
probabilities and lifetimes of excited states in diatomic molecules. In the case of
continuum radiation, the transition probabilities depend not only on the vibra-
tional level in the excited state but also on the wavelength. If the corona model
for the population of the electronically excited state is used, and a vibrational
population is assumed, the whole continuum spectrum in the wavelength range
between 120 and 600 nm can be predicted for all isotopes of hydrogen. On the
other hand, calculated spectra can be fitted to measured radiation with electron
temperature and vibrational population as parameters for the fit. The shape of
the continuum is sensitive to the vibrational population, whereas the absolute
radiation is sensitive to electron temperature, suggesting a diagnostic method for
both parameters. The applicability was checked by a variety of measurements in
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hydrogen and deuterium plasmas.

Proper diagnostic methods for the HD molecule in mixtures of hydrogen and
deuterium have been presented. Again, as well as mass spectrometry, the Fulcher
band is a possible candidate. Analysis of the Balmer lines gives atomic densities
in the mixture and provides information about the formation of this molecule.
Furthermore, vibrational temperatures were also measured and were found to
be between those of hydrogen and deuterium molecules, as expected from the
behaviour of the isotopes. It was found that the most effective way to produce HD
molecules was to enhance heavy particle collisions (H + D — HD) by increasing
the pressure. Simultaneously, the degree of dissociation had to be high enough
to provide as many atoms as possible for collision. This can be achieved by
increasing the electron temperature, for instance by adding helium.

The diagnostic methods developed and established in laboratory plasmas
at the Universitit Augsburg were then applied to divertor plasmas of ASDEX
Upgrade at the Max—Planck—Institut fiir Plasmaphysik. In contrast to low pres-
sure laboratory plasmas, atoms and protons, rather than molecules and molecular
ions dominate the divertor plasma. The Balmer line emission was related to the
atomic hydrogen flux by using the S/X B ratio. In a similar manner, molecular
radiation is related, by the (S + D)/X B ratio, to the molecular flux. Both ratios
rely on effective rate coefficients, which are adjusted by a CR-model to the per-
tinent plasma parameters. These parameters depend on the recycling regime of
the divertor plasma, i.e. whether the plasma is attached or completely detached.
Electron temperature and electron density dependencies were found to be as im-
portant as the degree of recombination or opacity and even as important as the
molecular contribution to atomic radiation. Examples of calculated Balmer line
ratios were given for determining some of these parameters.

In the analysis of molecular radiation, (S + D)/XB was shown to be very
sensitive to 7, in the low temperature region. Radiation of molecules can be
observed only if T, is high enough to excite the upper electronic state of the
transition but, in this case, the molecules dissociate and ionize and their density
decreases. Furthermore, molecules are produced only at the divertor tiles by
recombining hydrogen atoms. As a consequence T, (and, of course, also n,) have
to be known precisely for determining molecular fluxes. CR-model calculations

f (S + D)/XB have demonstrated that vibrational population in the ground
state of the molecules is a further important parameter. The combination of

CR-model and emission spectroscopy was shown to be a reasonably good tool .

for determining vibrational populations, 7, and molecular fluxes. In detached
plasmas, molecules have a high vibrational population and molecular fluxes are
comparable to atomic fluxes. Thus, extra reaction channels are available, which
may affect plasma kinetics, for instance the energy balance.

The measurement of molecular radiation was suggested as a diagnostic method
for T, being complementary to other diagnostic methods such as Langmuir probes
or atomic spectroscopy, e.g. measurements of the Balmer to Paschen continuum.
The basic approach is the measurement of the vibrational population in the ex-
cited state. In divertor plasmas it is reasonable to assume that the vibrational
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population in the ground state is determined only by electron collisions. In techni-
cal plasmas heavy particle collisions and wall collisions are also important. Thus,
the modified CR—model is applicable for predictions of ground state vibrational
populations up to all 15 vibrational levels of hydrogen and the same number for
deuterium. The population distributions are correlated with 7T, the higher T,
the lower is the vibrational population. The transfer of the population into the
excited state gives directly an accessible measured quantity. In hydrogen dis-
charges results of the method were compared with results from Langmuir probes
and atomic spectroscopy, filling the gap between the limits of the two methods in
detached divertor plasmas. In a next step, the method was checked for both iso-
topes simultaneously by investigating specially designed discharges. The method
was shown to be sensitive and applicable for either isotope.

The role of hydrogen molecules in divertor plasmas was investigated in de-
tail by combining the spectroscopic diagnostics with plasma edge calculations,
i.e. B2-EIRENE including the CR—model. Of special interest was the question

“whether molecules assist plasma recombination or not. For this purpose, the rate
for molecular assisted recombination was compared directly with the rate of three—
body and radiative recombination in the detached divertor of ASDEX Upgrade.
Rate coefficients for molecular assisted recombination depend strongly on the
vibrational population of the molecules in their ground state. Therefore, the
EIRENE code was extended to include seven vibrational states which are treated
as metastable states in the code. The code was run for plasma parameters cor-
responding to discharges where many measured results are available. The agree-
ment between measurements and calculations was reasonable only if vibrational
population was included in the code and if the CR—model for molecular hydrogen
was used. In the next step reaction channels were investigated in detail on the
bases of the B2-EIRENE results which gave a deeper insight into the molecu-
lar processes at the plasma edge. As a result of this study the contribution of
molecules to volume recombination was found to occur only in a thin plasma layer
in front of the surface. This leads to an overall effect of approximately a few per-
cent. Instead of greatly enhancing plasma recombination it was shown in further
investigations that vibrationally excited molecules can lead to a re-attachment
of the plasma. This may be due to the opening of additional reaction channels
which influence the energy balance.

Plasma wall interaction is one of the main topics of concern in fusion devices.
Since carbon is one of the favoured elements as wall material, the bombardment
of hydrogen plasma particles on graphite surfaces was investigated in a number
of experiments which cover a wide range of plasma parameters. Thus, model
calculations describing the chemical erosion of carbon could be confirmed which
then allows extrapolations to the next stage of fusion plant. In laboratory plas-
mas the chemical erosion of graphite at low temperatures and low ion energies
was investigated by spectroscopic techniques. Special emphasis was given to the
isotope effect between hydrogen and deuterium, in order to obtain possible scal-
ing laws for tritium. In the low pressure plasma used for these experiments, the
dominant particle flow is atomic, the ion flow being a factor of approximately
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100 lower. Therefore chemically enhanced erosion, or the synergistic effect, is
observed. Additionally, is has to be kept in mind that the dominant ion species
in such plasmas is Hj rather than H*. For a substrate temperature of 300 K and
an ion energy of 5.6 eV no isotope effect occurs but still an erosion yield of 0.15%
remains. With increasing temperature or ion energy erosion yields are higher for
deuterium than for hydrogen, by up to a factor of a maximum of two. Com-
parisons with calculations carried out using the semi-empirical model of Roth
show significant discrepancies at lowest temperatures and ion energies but the
agreement becomes better as these parameters are increased. The reason for the
deviation is partly the measured synergistic effect, which is not described explic-
itly in the model, and partly the use of fitted threshold energies in the code. The
results presented here fill the gap in the data base for the semi—empirical model
so that calculations will become more reliable. A detailed analysis of the spectro-
scopic measurements has shown that results from weight loss measurements and
spectroscopy agree only if in the latter the radiation of both the CH band and the
C, band is considered. This means that the formation of higher hydrocarbons
has to be taken into account when determining erosion yields from spectroscopic
measurements, because the CH radiation is related to methane and the Cs radia-
tion is related to higher hydrocarbons (CyHy). Currently, erosion yields in fusion
experiments are determined from the relation of the carbon flux and the radiation
of the CH band, using the D/X B ratio, i.e. dissociation events of methane per
emitted photon. The C, radiation offers now a spectroscopic diagnostic tool for
the determination of CyHy formation in the plasma edge of fusion experiments.
Hydrocarbon chemistry in plasmas was studied by generating methane plas-
mas and using mainly emission spectroscopy to determine particle densities. In
particular, dissociative dissociation channels contributing to the radiation of CH,
C,, and C radicals were identified. The rate coefficients necessary for the analysis
of measured radiation were compiled and the applicability of spectroscopic diag-
nostics was shown for a variety of examples. Silane plasmas were also investigated
and the similarity of methane and silane plasmas was highlighted. The dilution of
both gases in a plasma is between a factor of two and ten, indicating a high degree
of dissociation of methane and silane. The dominant molecule in these plasmas
is hydrogen which is separated out during the dissociation chain. The next most -
common species are the higher hydrocarbons or silanes which are produced pref-
erentially at higher pressures because of the increase of heavy particle collisions.
As a consequence, the dominant ion species originate from these higher hydro-
carbons or silanes. Model calculations for particle densities were validated by the
measurements, so that predictions for particle densities which are not accessible
to diagnostics may be assumed to be reliable. Furthermore, such modeling allows
us to study the influence of individual reactions on the plasma composition as
well as to identify the processes important in forming selected species. The rela-
tionship between plasma diagnostics and the properties of plasma produced films
will lead to better understanding of film growth. The spectroscopic diagnostics
of methane and silane plasmas presented here contribute to this end. Addition-
ally, comparison of hydrocarbons in methane plasmas with hydrocarbons due to
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chemical erosion of surfaces in contact with hydrogen plasmas contributes to an
improved understanding of hydrocarbon chemistry in erosion processes.

Plasmas of diatomic gases other than hydrogen were also investigated. Of
special interest is the degree of dissociation in nitrogen and oxygen plasmas, since
they have applications in plasma processing. Emission lines in the visible and
VUV/UV spectral range suitable for the determination of atomic densities were
identified and emission rate coefficients for the analysis of radiation were compiled.
Furthermore, dissociative excitations as well as the opacity of resonance lines have
to be taken into account in a manner similar to the hydrogen case. Comparing
nitrogen, oxygen and hydrogen plasmas generated in the same discharge under
almost equal conditions, oxygen plasmas have the highest degree of dissociation.
Nitrogen, hydrogen and deuterium are closer together, their order determined by
electron temperature and molecular particle pressure.

In summary, the investigations presented have illustrated that emission spec-
troscopy of atoms and molecules in plasmas is a powerful tool in plasma di-
agnostics. New diagnostic methods, developed and established in low pressure
laboratory plasmas, were applied to the low temperature divertor plasmas of fu-
sion experiments. Interest was focused on hydrogen and deuterium plasmas in
both plasma processing and fusion experiments. Furthermore, plasma wall in-
teraction of hydrogen with, mainly, carbon surfaces as well as methane plasmas
were investigated. The diagnostic methods introduced here form the basis for fur-
ther investigations; the results contribute to a deeper insight into the molecular
dynamics of these plasmas.
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