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1 Introduction

Nuclear fusion is a source of renewable energy which has the potential to play a
significant role in the global CO2 neutral energy production of the future. The
experimental reactor ITER (latin: the way) is currently being built in Cadarache,
France, with the purpose of demonstrating the feasibility of nuclear fusion for
energy production. Deuterium and tritium nuclei are fused to a helium nucleus
and a single neutron within a magnetically confined high temperature plasma.
The neutrons leave the plasma and can thus be used for energy production. Here,
a temperature of 150 million °C needs to be maintained inside the plasma core
as the positively charged nuclei need to overcome the Coulomb barrier in order
to fuse. Therefore plasma heating methods need to be employed whereas one of
them is NBI (neutral beam injection) which also drives a plasma current which
is relevant for the magnetic confinement. NBI is based on the injection of fast
neutral hydrogen1 atoms which transfer their energy to the plasma via collisions.
After ionization, the particles are confined inside the plasma.

The ITER NBI which will deliver 33MW of heating power is based on a
negative ion source from which H− ions are extracted from a low pressure low
temperature plasma and accelerated to the required energy. Subsequently, the fast
ions are neutralised in a chamber filled with H2 gas via charge exchange collisions
between ions and gas neutrals. The resulting neutral beam is injected into the
fusion plasma. For the ITER NBI, a homogeneous H− beam with an accelerated
current of 46A (D−: 40A), a total extraction area of 0.2m2 and the kinetic
energy of 0.87MeV (D−: 1MeV) per ion is required. In addition, the current of
unavoidably co-extracted electrons is to be kept below the ion current. Research
and development are undertaken in order to achieve these goals simultaneously
for the total ion source pulse length of 1 h (i. e. the maximum ITER pulse length).
The BATMAN Upgrade (BUG) test facility is used in order to investigate

the formation, extraction and acceleration of negative hydrogen ions and the
characterisation of the ion beam. This test facility is equipped with an ion source

1Denoting the isotopes hydrogen and deuterium.
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of the size of 1/8 of the ITER negative ion source. The source operates after the
tandem principle meaning that a low pressure low temperature plasma is generated
with up to 100 kW of RF power via inductive coupling in a designated part of the
source (the driver). Subsequently, the plasma expands towards a plasma facing
grid (the plasma grid) while the electrons are cooled with the aid of a magnetic
filter field leading to a reduced destruction of H− via electron collisions. H− is
produced at the plasma grid surface via surface conversion of hydrogen atoms or
positive ions. In the course of this, the plasma grid is covered with caesium in
order to enhance the H− production due to its low work function. Finally, H− is
extracted through the grid and accelerated using high voltage of up to 45 kV.

The conversion of H atoms is commonly regarded as the dominant H− production
process such that the flux of H− into the source depends on the flux of H atoms
towards the plasma grid (determined by H atom density nH and temperature
TH) and the conversion yield (determined by TH). nH and TH are thus important
parameters for the ion source characterisation. At BUG, they are up to now
measured indirectly with optical emission spectroscopy (OES) resulting in high
error bars such that a direct determination of the density and temperature of H
atoms is strongly desired. Thus, the general aim of this work is the implementation
of two-photon absorption laser induced fluorescence (TALIF) at the ion source
of BUG in the vicinity of the plasma grid as a direct method for the nH and TH
determination. Here, ground state H atoms are excited into the n = 3 state via
the simultaneous absorption of two photons at 205.08nm and the subsequent
fluorescence from the Hα transition at 656.3 nm is collected for the diagnostic. In
order to generate the UV light at sufficient intensity, a pulsed dye laser is used
and in addition, the whole diagnostic system consists of various further optics.

BUG operates in a harsh environment due to the high RF power and the applied
high voltage such that the commissioning of a new diagnostic is cumbersome as
the access to the experiment during plasma operation is not possible. Therefore,
TALIF is first assembled and tested thoroughly at a small scale plasma experiment.
The tests aim towards getting experience with the TALIF system, simulating the
expected H density and investigating the influence of the used hydrogen isotope
on the dissociation degree. Also a comparison of nH to OES measurements is
performed here. From the small scale experiment, the TALIF system is transferred
to the ion source in a second step to gain the first results and demonstrate
the application of TALIF at a H− ion source for the very first time. Again, a
comparison of the obtained nH to OES is performed.
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2 Low pressure low temperature
plasmas for negative hydrogen
ion sources

The plasmas within the negative ion source of BATMAN Upgrade as well as within
the small-scale experiment that is used for the first TALIF implementation are
considered low pressure low temperature (LPLT) plasmas. The following chapter
deals with the properties of LPLT hydrogen plasmas and is based on [CB15, LL05].
In the latter part, the realization of negative hydrogen ion sources is elaborated. As
the isotope hydrogen is predominantly used as carrier gas in laboratory experiments
and teststands, the atomic and molecular properties are focussed on hydrogen.
However, if not specifically stated otherwise, they also hold for the use of deuterium.

2.1 Low pressure low temperature plasma
properties

A plasma can be created by the application of an electromagnetic field to neutral
gas. Due to this field, naturally occurring free electrons are accelerated and
collide with neutral particles which causes ionization and the formation of further
ion-electron pairs. The newly formed electrons are in course accelerated by the
electromagnetic field and the process starts again such that an avalanche effect
occurs. Experimental plasma setups are distinguished by the method of generating
the electromagnetic fields. Using alternating fields at radio frequency (RF) as in
this work, two types can be differentiated. If the electromagnetic field is generated
by a potential across the neutral gas, the plasma is considered as capacitively
coupled plasma (CCP). On the other hand, if the electromagnetic field is induced
by driving an alternating current in a coil in the vicinity of the plasma the plasma
is considered as inductively coupled plasma (ICP). At the same pressure, CCPs
can be operated at lower RF power and they are in general characterized by a



4 2 Low pressure low temperature plasmas

lower electron density and a higher potential drop close to the edges of the plasma
vessel [CS00, LL05].

Even though a plasma is driven inductively, the potential difference on the coil
(up to several kV) can create electric RF fields in the plasma close to the coil which
cause the presence of a CCP. The accompanying high voltage close to the edges
of the plasma causes acceleration of positive ions towards the plasma vessel which
might cause damage to the exposed parts. The formation of a CCP can be omitted
by the use of a Faraday shield inserted between the coil and the plasma vessel. It
is a grounded metal plate equipped with slits which are oriented parallel to the
polarization of the induced electromagnetic field such that this field passes the
shield unaffected. As the shield is grounded, the capacitive electric field terminate
on the shield which suppresses the capacitive coupling [Hop94]. Both discharges
which are evaluated in this work are ICPs. Low pressure low temperature plasmas
are operated at low gas pressure (between 0.1Pa and 100Pa). ICPs at this pressure
range exhibit a low ionisation degree (between 10−6 and 10−3) and consequently,
the electron density is low (between 1015 m−3 and 1019 m−3) [LL05].

If H2 is used as gas species, the plasma consists of the neutral particles H and
H2, the positive ions H+, H+

2 and H+

3 , and the negatively charged particles H− and
electrons (e−). On a global scale, the densities of positive and negative charges
are equal such that no charged regions inside the plasma can form. This property
is called quasi-neutality. Microscopically, quasi-neutrality can be violated on a
length scale of

λD,e =

√
ε0kBTe
e2ne

, (2.1)

which is called electron Debye length. Here, ε0 is the vacuum permittivity,
kB is the Boltzmann constant, Te is the electron temperature, e is the electron
charge and ne corresponds to the electron density. Potentials that result from the
violation of quasi-neutrality are shielded by the plasma within a few values of λD.

2.1.1 Distribution functions

A plasma species S can be characterized by its velocity distribution function (VDF)
fv,S(r,v, t) at position r = (x, y, z)⊺, velocity v = (vx, vy, vz)⊺ and time t. The
quantity fv,S(r,v, t)d3r d3v is defined as the number of particles inside the phase
space volume d3r d3v at the phase space coordinate (r,v) at time t [LL05]. The
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VDF is normalized to the particle density via nS(r, t) = ∭ fv,S(r,v, t)d3v and
the mean kinetic energy of the particles ⟨ES⟩ is given by

⟨ES⟩ =
mS

2nS(r, t)∭
v2 fv,S(r,v, t)d3v . (2.2)

The integration is to be carried out over the whole velocity space for each v
component. mS is the mass of the particle S and v =

√
v2
x + v

2
y + v

2
z is the absolute

velocity.
Analogous to fv,S(r,v, t), the energy distribution function (EDF) fE,S(r,E, t)

can be defined such that fE,S(r,E, t)dE is the number of particles per unit
volume within the kinetic energy interval [E,E + dE]. It is normalized to the
particle density via nS(r, t) =

∞

∫
0
fE,S(r,E, t)dE and the mean kinetic energy of

the particles can be expressed as

⟨ES⟩ =
1

nS(r, t)

∞

∫
0

E fE,S(r,E, t)dE . (2.3)

Typically, r and t are omitted in the preceding equations if the distribution
function is independent of the two parameters or the distribution function is
evaluated locally. fv,S and fE,S are equivalent and the choice depends on the
application for which the distribution function is evaluated.

In thermodynamic equilibrium the distribution functions are given by a Maxwell-
Boltzmann distribution, where

fv,S(v) = nS (
ms

2π kBTS
)

3/2
exp [−

mS(v2
x + v

2
y + v

2
z)

2kBTS
] and (2.4)

fE,S(E) = nS 2
√

E

π
(

1
kBTS

)
3/2

exp [−
E

kBTS
] . (2.5)

TS is the temperature of the particle species S. In this case, the mean kinetic
energy is given by ⟨ES⟩ =

3
2kBTS and the mean velocity of the particle is given

by vS =
√

8kBTS
πmS

. In plasmas, specific mechanisms could cause the production of
highly energetic particles and the loss of particles at a specific energy. Both lead
to a deviation of the VDF or EDF from a Maxwell-Boltzmann distribution if
the particle collision rate is not high enough to maintain thermalization within
the particle lifetime. This is for example the case if the plasma is operated at
low pressure where the collision rate is low. In those cases, the assignment of a
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temperature in the thermodynamic meaning is not possible as this requires the
presence of a Maxwell-Boltzmann distribution. Instead, an effective temperature
T eff
S can be assigned which describes the mean kinetic energy after

⟨ES⟩ =
3
2kBT

eff
S . (2.6)

However, if a temperature is assigned to a particle species, its EDF is implicitly
assumed to follow a Maxwell Boltzmann distribution in the remainder of this
work.

In LPLT plasmas driven by an electromagnetic RF field, the driving power is
mainly coupled to the electrons as they are able to follow the field due to their
small mass. The electrons can transfer the energy to the heavy particles (neutrals
and ions) via elastic collisions between the two particle species. The effectiveness
of this transfer is limited due to the small electron density (between 1015 m−3 and
1019 m−3) in LPLT plasmas and the high mass difference between electrons and
heavy particles limiting the energy exchange efficiency. This is why typically

⟨Ee⟩ ≫ ⟨En⟩ ≈ ⟨Ei⟩ or

T eff
e ≫ T eff

n ≈ T eff
i . (2.7)

The indices n and i denote neutrals and ions. This is why LPLT plasmas are
considered non-thermal plasmas. On the other side, the energy distributions
of heavy particles can be approximated to be equal among all species which
therefore also holds for their temperatures if the VDF follows a Maxwell-Boltzmann
distribution. In this case, the common temperature is denoted as gas temperature
Tgas. Typical values of T eff

e in LTLP plasmas are between 1 eV and 10 eV whereas
effective neutral and ion temperatures range between room temperature and
10−1 eV.

2.1.2 Processes in plasmas

Due to the variety of plasma species multiple processes can occur in a plasma.
Examples are ionization, dissociation and excitation of plasma particles. These
can be described by the respective reaction rate which is the number of reactions
per unit volume and time (in m−3s−1). The reactions creating a specific particle or
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state a (sources) can be balanced against the processes that lead to the destruction
of the particle or state (sinks) in a balance equation

dna
dt =

sources


∑
h

Rh −

sinks


∑
j

Rj , (2.8)

which links the temporal derivative of the density na of particle or state a with
the sum of source (Rh) and sink (Rj) reaction rates. For an inelastic collision
between the two particles a and b with the densities na and nb, the reaction rate
is given by

R = na ⋅ nb ⋅Xreact . (2.9)

Xreact is the rate coefficient. It is given by ⟨σreact(vR) vR⟩a,b, the average over all
particles a and b of the product of the reaction cross section σreact and the relative
velocity of the two particles. In low pressure plasmas, collisions between heavy
particles and electrons dominate the production and destruction of other particle
species. In this case, the relative velocity is equal to the electron velocity. Thus,
Xreact can be expressed via [SVY12]

Xreact =

∞

∫
0

σreact(Ee)

√
2eEe

me

fE,e(Ee)

ne
dEe , (2.10)

if the electron energy Ee is given in eV. Otherwise, the elementary charge e is
omitted. me is the electron mass and fE,e(Ee) is the electron energy distribution
function (EEDF). If the EEDF is given by a Maxwell-Boltzmann distribution,
Xreact is a function of Te.

Plasma emission

A particle in an electronically excited state p may undergo a spontaneous tran-
sition into the energetically lower state q while emitting a photon with the
wavelength [Tho88]

λpq =
hc

Ep −Eq
. (2.11)

h is the Planck constant and c is the speed of light. Ep and Eq are the energies
of the states p and q respectively. The reaction rate of the spontaneous emission
is given by the emissivity [Tho88]
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dnp
dt = εqr = npApq . (2.12)

In this equation, np is the density of particles in state p and Apq is the Einstein
coefficient (in s−1) which represents the transition probability. Apq depends on the
transition under investigation and can for example be found in [NIST] for various
transitions of different neutral and ion species.

From one transition, photons are not emitted at only one fixed wavelength λ0

determined by equation (2.11) but within a finite wavelength range. The shape of
the wavelength distribution is denoted as line profile g(λ) and is normalized after
∫line g(λ)dλ = 1. The line profile is determined by broadening mechanisms which
are relevant in the plasma. For the plasmas and gases which are investigated in
this work only two mechanisms are of relevance. These are Doppler broadening
and natural broadening. This is due to the low gas pressure in the discharge
omitting pressure broadening [MR02] and the low electron density below 1019 m−3

omitting Stark broadening [vHBS+12]. Natural line broadening arises from the
Heisenberg uncertainty principle. The finite lifetimes τq and τp of the lower and
upper state result in a broadening of the energies of these states. The resulting
full width at half maximum (FWHM) ∆λnat is given by [Tho88]

∆λnat =
(λ0)

2

c
(

1
2πτq

+
1

2πτp
) . (2.13)

The line profile induced by natural line broadening has the shape of a Lorentzian.
The average lifetime of a state p is mainly determined by the decay via spontaneous
emission such that τp = (∑qApq)

−1 where the latter is the sum over all possible
transitions originating from state p.

Doppler broadening arises from the motion of the absorbing particles which
shifts the emission wavelength depending on the particle velocity. If the particle
motion is given by a Maxwell-Boltzmann velocity distribution function with
temperature T , the FWHM ∆λDop is given by [Tho88]

∆λDop =
λ0

c

√
8 ln(2)kB T

m
. (2.14)

Here, m is the particle mass. In this case, the line profile has the shape of
a Gaussian. The combination of both broadening mechanisms is given by the
convolution of the two respective line profiles resulting in a Voigt profile. Typically,
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∆λnat ≪ 1pm while ∆λDop > 1pm such that Doppler broadening dominates the
resulting line profile.

Ionization balance

Positive ions are predominantly produced via electron impact ionization and are
lost due to diffusion towards the plasma vessel walls and subsequent recombina-
tion [Beh91]. These two processes can be used for a global ionization balance after
equation (2.8). For this, however, it is assumed, that only one neutral species
(density: n0) and one ion species (density: ni) at a common temperature T0 are
present in the plasma. Electrons are assumed to be the only negatively charged
species and a Maxwellian EEDF at temperature Te is assumed while ne = ni.
The diffusion of positive ions towards the vessel wall is characterized by the

collective behaviour of ions and electrons. If one of the species is diffused, the
other follows due to maintaining quasi-neutrality in the plasma and vice versa.
This is called ambipolar diffusion. At sufficient pressure, such that the mean free
path for ions s+mfp = (

√
2n0σhs)−1 is smaller than the characteristic length of the

plasma, diffusion can be treated according to [Möl93]. σhs is the collision cross
section for positive ions and neutral particles after the hard sphere model and the
characteristic length is defined as the ratio of the plasma volume to the plasma
surface. In this case, the diffusion time is given by

τdiff ∝
T0

Te
(s+mfp)

−1
√

mi

kBT0
, (2.15)

where mi is the ion mass. Equation (2.8) is 0 in steady state, such that

ne n0Xion(Te) =
ni
τdiff

(2.16)

for the ionization balance. Here, the left side denotes the electron impact
ionization and Xion(Te) is the corresponding rate coefficient calculated according
to equation (2.10). Solving for Xion(Te), assuming quasi-neutrality (ni = ne) and
inserting equation (2.15) yields

Xion(Te)∝
s+mfp

n0
√
mi

. (2.17)

From this, the plasma behaviour for varying pressure can be predicted. First,
decreasing pressure leads to a n0 drop and a s+mfp rise due to its n0 dependence.
Essentially, the loss of positive ions at the vessel wall becomes stronger. In order
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to compensate that loss, Te must increase as it enhances the ion production rate.
Secondly, a higher ion mass slows down the diffusion to the walls such that a lower
Te value is sufficient in order to satisfy the ionization balance. Thirdly, having
particles with a low ionization potential (which is connected to a high ionization
cross section) also decreases the Te value due to the same reason.

Power balance

The power that is supplied to the plasma is mainly absorbed by the electrons.
From those, the power is dissipated via excitation, ionization or dissociation of
the neutral species j. Following [Beh91], a balance of the external power Pext per
volume V can be set up. This is

Pext

V
=
Pexc + Pion + Pdiss

V

= ne ⋅∑
j,i

nj,0E
j,i
excX

j,i
exc(Te) ←Ð excitation

+ ne ⋅∑
j,k

nj,0E
j,k
ionX

j,k
ion(Te) ←Ð ionization

+ ne ⋅∑
j,l

nj,0E
j,l
dissX

j,l
diss(Te) . ←Ð dissociation (2.18)

Here, nj,0 is the density of species j. Ej,i
exc and Xj,i

exc are the excitation energy
and the excitation rate coefficient for electron excitation of species j into state i
including vibrational and rotational excitation in the case of molecules. Ej,k

ion and
Xj,k

ion are the ionization potential and the electron impact ionization rate coefficient
of the ionization stage k of species j. Finally, Ej,l

diss and X
j,l
diss are the dissociation

energy and the electron impact dissociation rate coefficient for the dissociation
process l of species j in the case that j is a molecular species.
The values for E are constants and the rate coefficients are also constant as

long as the pressure in the plasma does not change. In the latter case, this holds
also for nj,0. Thus, a sole increase of the power coupled to the plasma leads to
an increase of ne as it is the only remaining variable. In the case that j is a
molecular species, vibrational excitation (with comparably high excitation cross
section) is possible acting as an additional sink of the power. This means, that
only a smaller share of the input power is available for ionization leading to lower
electron densities for plasmas which contain a high share of molecular species.
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2.1.3 Plasma sheath

A plasma is usually surrounded by a metallic wall at a fixed electric potential.
This could be ground potential in the case of small laboratory plasma experiments
or negative high voltage in the case of negative ion sources to extract the ions
against ground potential. When charges flow onto the wall, they get absorbed
and result in a current to the connected electric network. The wall acts therefore
as a sink for positive and negative charges. As the electron temperature exceeds
the positive ion temperature and in addition the electron mass is much lower, the
average electron velocity ve and the electron flux Γe =

1
4neve towards the wall is

much larger compared to positive ions. In this case, electrons would be drained
from the plasma leading to a violation of quasi-neutrality.

This causes the plasma to be positively charged compared to the wall which leads
to a potential difference between the plasma potential Φpl and the surrounding
walls (at wall potential Φwall). This potential difference acts decelerating on
electrons and accelerating on positive ions. The region in which this happens, is
called plasma sheath. The potential difference forms in such a way that the total
currents from, towards or inside the wall are balanced globally. However, local
net currents to or from the surrounding wall are possible.

The influence of this on the positive/negative ion and electron density ni and ne
as well as the profile of the electric potential in the plasma is depicted in figure 2.1.
Close to the wall, in the sheath region, the potential drops sharply. This leads to a
drop of ne relative to ni which means that the sheath plasma is charged positively
in this region. The sheath length is typically on the order of several values of
λD,e. Negative ions as present in a negative ion source plasma are neglected in
this treatment. Their influence on the potential and density distribution in the
sheath is for example discussed in [DR92, SWM20].

A smaller potential drop occurs already further inside the plasma. This happens
since the Bohm criterion requires positive ions to enter the sheath already at
some minimal velocity which is called the Bohm velocity. The acceleration of the
positive ions happens due to this small potential drop and the region in which
this happens in denoted as presheath. In the presheath, ni = ne is still valid. The
presheath width depends on the ion mean free path and is typically on the order
of a few mm in LPLT plasmas. Further away from the wall, in the bulk plasma,
ni = ne = const and also the electric potential is constant.
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Figure 2.1: Electron and positive ion densities as well as electric potential profile
close to a vessel wall. Figure after [LL05].

2.2 Atomic and molecular properties of
hydrogen

2.2.1 Electronic states and transitions of the hydrogen
atom

A hydrogen atom consists of one proton and one electron. The behaviour of
the electron within the Coulomb potential of the proton is characterized by
its electronic state which can be described by its quantum numbers [Dem05].
Considering only fine structure effects and not having a magnetic field, the
quantum numbers n, l, j and mj which are defined in table 2.1 are sufficient for
describing the electronic state. With these, the binding energy of the electron
with quantum numbers n and j is given by

Enj = −
ER
n2 ⋅ [ 1 − α

2

n
(

1
j + 1/2 −

3
4n)] . (2.19)
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Table 2.1: Necessary quantum numbers in order to characterize an electronic
state of the hydrogen atom considering fine structure.

Symbol Name Possible values for H

n
principal

quantum number n ∈ N

l
angular momentum
quantum number l ∈ {0, . . . , n − 1}

j
total

angular momentum
quantum number

j ∈ {∣l − 1/2∣, l + 1/2}

mj

magnetic total
angular momentum
quantum number

mj ∈ {−j, . . . , j}

Here, ER is the Rydberg energy which has the value ER = 13.6 eV, α is the
Sommerfeld fine structure constant with α ≈ 1/137. The negative value of Enj
denotes that the electron in the corresponding state needs the absolute value of
Enj to leave the protons Coulomb potential.

A hydrogen state can be assigned by the term symbol

n2lj .

In this formalism, l denotes the value of the angular momentum quantum
number. Instead of L, the letters S (l = 0), P (l = 1), D (l = 2), F (l = 3), . . .
are written when assigning a state. Each state is split into further sub-states
according to their value of mj. The number of sub-states corresponds to the
number of possibilities for electrons to occupy the state n2Lj. It is denoted as
statistical weight and is given by g = 2j + 1. With an external magnetic field, the
energy of each sub-state splits up.

Electric dipole transitions between hydrogen states p and q can occur via
the emission or absorption of photons. The wavelengths of the corresponding
photons can be calculated by using the equations (2.11) and (2.19). However, the
corresponding transition needs to follow the transition rules which are derived
in [Tho88]. They are given by
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Table 2.2: Designation of the hydrogen atom transition series and spectral regions
of the lines α to δ

Name n (lower) Spectral region (α to δ)
Lyman 1 95 nm – 122 nm
Balmer 2 410 nm – 656 nm
Paschen 3 1005 nm – 1875 nm
Brackett 4 1945 nm – 4053 nm

∆l = ±1 and

∆j = 0, ± 1 . (2.20)

∆l and ∆j are the change of the angular momentum quantum number and the
total angular momentum quantum number.
The transitions of the hydrogen atom are ordered in series after the principal

quantum number of the energetically lower lying state. Within a series, the
transition lines are designated with Greek letters starting with α with ascending
value of the principal quantum number of the upper state. The names and
the spectral regions of the first four series are shown in table 2.2. The lines of
the Balmer series are referred to as Hα, Hβ, . . . and so on. For deuterium, the
corresponding transitions lie at slightly lower wavelengths. This is due to the
dependence of ER on the reduced mass of the electron-core system which changes
due to the additional neutron in the deuterium core. The resulting deviation of
the wavelength is, however, on the order of the first decimal place.

2.2.2 Electronic states and transitions of the hydrogen
molecule

In addition to electronic excitation, H2 can store energy in rotation and the relative
motion of the two hydrogen atoms, i. e. vibration. These two degrees of freedom
are quantized and exhibit additional internal energy levels. One state characterized
by its electronic, vibrational and rotational level is called a ro-vibronic state. A
small overview over the structure of H2 molecules is given in the following, for
further information [Her50] is recommended.
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Figure 2.2: Potential diagram of various states of the H2 molecule after [Sha70,
Sha71] with the vibrational levels of the ground state after [FW06].

The potential energy as a function of internuclear distance between the two H
atom cores for several molecular electronic states after [Sha70, Sha71] is depicted
in figure 2.2. Here, the energy curves are shifted vertically in such a way that the
value 0 corresponds to the energy of the H2 ground state in its vibrational ground
state. The electronic states are grouped in triplet and singlet states depending on
the value of the total electron spin S of the two electrons (singlet: S = 0, triplet:
S = 1). No electric dipole transitions are possible between these two groups. The
H2 ground state is denoted as X1Σ+g and the first excited state is b3Σ+u. The latter
state is anti-bonding such that the potential drops monotonically for increasing
internuclear distance. Molecules in that state dissociate immediately and form
two ground state H atoms.

In figure 2.2, the state X1Σ+g is assigned with its vibrational levels after [FW06].
Vibrational excitation is characterized by the vibrational quantum number ν ∈ N0.
Each vibrational state exhibits rotational levels which are characterized by the
rotational quantum number N ∈ N0.
The population of vibrational levels can be caused by direct excitation via

molecule-electron collisions or relaxation from electronically excited molecules
prior excited via electron excitation. Out of the two processes, the second one is
considered to be more efficient [JRS03]. Another process is the recombination of H
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atoms at the plasma vessel walls. Vibrational excitation via the collision of H2 with
other heavy particles is ineffective. This is due to the energy difference between
two neighbouring vibrational levels on the order of 0.5÷0.1 eV which is bigger than
the typical gas temperature at ∼ 0.05 eV (= 600K). Heavy particle collisions rather
cause a depopulation of high ν states [FH98]. If the population of the vibrational
levels is given by a Boltzmann distribution, the according vibrational temperature
is denoted as Tvib. Such a distribution is often present in LPLT plasmas as is for
example shown in [FH98].

In contrast, the population of the rotational levels is predominantly caused by
inelastic collisions between H2 and other heavy particles. These are more efficient
here as the energy difference between two neighbouring rotational levels is on the
order of 0.01 eV. Collisions of electrons with molecules cause no momentum transfer
due to their high mass difference such that no change of N occurs [OOR+89].
In the case of a Boltzmann distribution among the rotational level population,
the rotational temperature Trot is assigned. Experimentally, a two-temperature
distribution among the rotational states is often observed [VSE04, BRF17, BF18]
with a “cold” and a “hot” temperature. The cold temperature corresponds to the
gas temperature Tgas [BRF17].

For electric dipole transitions between different ro-vibronic states, the change in
ν is arbitrary. They are, however, restricted regarding the change in N between
the energetically upper state i and the lower state f to ∆N = Nf −Ni = 0,±1,
while transitions between two states with N = 0 is forbidden. Depending on the
value of ∆N the transitions can be grouped in branches. They are called P, Q
and R branch for ∆N = −1,0,+1. The electronic state must change in the course
of an electric dipole transition since the H2 molecule consists of two equal atoms
(homonuclear) omitting pure vibrational and rotational transitions. A transition
system which is used for diagnostic purposes is the Fulcher-α system which consists
of multiple transitions between the ro-vibronic states of the triplet states d3Πu and
a3Σ+g . In this work, the Q branch of the first four diagonal vibrational transitions
(ν′′ = ν′ ∈ [0,3]) is investigated. The corresponding lines are between 590 nm and
650 nm.

For the D2 molecule, the electronic states do not change compared to hydrogen.
However, due to the higher mass, neighbouring vibrational and rotational levels
are closer [Die58, FW06]. This changed structure causes that the investigated
part of the Fulcher system spreads over a more narrow wavelength range from
595 nm to 635 nm.
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2.3 Processes in hydrogen plasmas

Hydrogen LPLT plasmas contain a variety of plasma species and are exposed to
walls surrounding the discharge. This leads to multiple possible processes which
are partly described in chapter 2.1.2 in general. Additional processes are charge
and particle transfer, attachment, detachment, recombination and association.
These processes can occur isolated or in reaction chains both in the plasma volume
and at the vessel walls. A review of collision processes which can occur in a
hydrogen plasma volume is given in [JRS03].
The relevance of a particular reaction for the production/destruction of a

particular particle species depends predominantly on the temperature and density
of the plasma particles. This is for example described in [WF16b], where mainly
two regimes depending on Te are described, the ionizing plasma (Te > a few eV)
and the recombining plasma (Te ≤ 1 eV). In an ionizing plasma, the excitation
of hydrogen atoms is mainly driven by collisions of H atoms and H2 molecules
with electrons, whereas in recombining plasmas, this is due to (dissociative)
recombination or mutual neutralization of one of the four ion species. In this
work, the generation of hydrogen atoms as well as the processes involving H− are
of special relevance. This is why these processes are introduced in detail in the
following.

2.3.1 Production and destruction of hydrogen atoms

Electron impact dissociation

The energy that is necessary for the dissociation of a ground state H2 molecule is
4.5 eV [Sha70, Sha71]. The temperature of heavy particles is far below that value
such that the excitation of H2 molecules via heavy particle collisions is unlikely.
Therefore the main process of dissociation is the excitation of H2 molecules into
the anti-bonding b3Σ+u state by electron impact:

H2(X1
Σ
+

g) + e− Ð→ H2(b3
Σ
+

u) + e− Ð→ H(n = 1) +H(n = 1) + e− . (2.21)

From figure 2.2 is apparent that the excitation of ground state H2 molecules
requires more energy than the dissociation energy. The difference of the excitation
energy and the dissociation energy is released evenly distributed as kinetic energy
of the two formed H atoms. This energy is denoted as Franck-Condon energy
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and has a value of roughly 2 eV for the dissociation of ground state H2. If a
molecule is excited towards another anti-bonding state which has an even higher
potential, dissociation into one excited and one ground state H atom is possible.
This process is called dissociative excitation.

Cross sections of electron impact dissociation were calculated in [SFK+21]
depending on the vibrational level and the hydrogen isotope. A significant
difference of the absolute value of the cross sections for hydrogen and deuterium
was not revealed. However, the difference concerning their vibrational levels and
their respective population could lead to varying dissociation rates.

Wall recombination

Positive ions can be neutralized at the plasma vessel walls via Auger-Meitner
neutralization [HKO78] and form neutral H atoms. These are eventually reflected
back into the plasma. The formation of H atoms at the wall can involve the
positive ions H+, H+

2 and H+

3 such that one, two or three H atoms can be formed
from one ion respectively [Phe09, Phe10]. The probability of this reaction is
determined by the particle reflection coefficient and the share of the incident
energy which remains at the H atom as kinetic energy is given by the energy
reflection coefficient. Both coefficients depend on the wall material, the incident
energy and the angle between the ion trajectory and the wall. In [EB85], those
coefficients are calculated for H and D atoms hitting nickel, carbon and tungsten
walls. Their values range from below 10−4 up to 90 % depending on the incident
energy.

When approaching the wall, the positive ions get accelerated while crossing the
sheath by the electric potential difference between plasma and vessel wall prior
to neutralization. Thus, fast H atoms with kinetic energies up to a few eV can
be produced [Koh15]. Further, the impact of fast ions on the vessel walls causes
sputtering of the wall material into the plasma.

Destruction of H atoms

The recombination of H atoms at the plasma vessel walls is the dominant loss
channel for H atoms in low pressure low temperature hydrogen plasmas. The H
atoms are transported to the walls via diffusion such that the loss rate Kloss (in
s−1) of the H atoms in the plasma volume is given by [LL05]
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Kloss = (

diffusion
time

³¹¹¹¹¹·¹¹¹¹¹µ
Λ2

0
DH,H2

+

wall
recombination

time
³¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹µ
2 − γ
γ vth

V

S
)

−1

. (2.22)

In this equation, Λ0 is the mean diffusion length which is closely described
in [Möl93], DH,H2 is the diffusion coefficient of H atoms due to collisions with H2

molecules. V is the volume and S is the surface of the plasma vessel. vth is the
thermal velocity of the H atoms and molecules assuming that both species have
the same temperature. γ is the probability at which the atoms are lost at the wall
due to recombination. This parameter depends heavily on the considered surface
whereas stainless steel has a value of γ = 0.1 for example [MM71, MDZ99].

The equation consists of the diffusion term and the recombination term. De-
pending on the pressure range, one of the two dominates over the other. At high
pressure, diffusion is the rate limiting process of the total process such that the
diffusion term is dominating the equation. At low pressure, the flow of H atoms
can not be considered diffusive meaning that the H atoms flow freely towards
the wall which omits the assumptions made for the above equation. This is the
case if the mean free path of the H atoms is on the same order or exceeds the
plasma vessel dimensions. Yet the equation is considered reliable as the wall
recombination term becomes dominant [Cha87].
The diffusion of H atoms due to collisions with H2 molecules is considered as

free diffusion and DH,H2 is given by

DH,H2 =
3
√
π

8 sHmfp

√

kBTgas
mH +mH2

2mHmH2

. (2.23)

Here, sHmfp is the mean free path of H atoms and mH and mH2 are the masses
of H atoms and H2 molecules respectively. Applying this formula to deuterium
yields that the diffusion constant for deuterium is smaller compared to hydrogen
by 30%. This causes a lower wall recombination rate for D atoms.

2.3.2 A dissociation model for hydrogen

The multitude of production and loss mechanisms of both hydrogen atoms and
the positive ion species can be modelled by solving the corresponding balance
equations. That can be used in order to calculate the densities of H atoms, H+,
H+

2 and H+

3 ions in a discharge at known plasma parameters. Such a calculation is
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Table 2.3: Reactions considered for the dissociation model [Bri22] for the calcu-
lation of the H atom density as well as the H+, H+

2 and H+

3 densities.

Dissociation model
Diffusion H,H+,H+

2 ,H+

3 Ð→ wall
Wall recombination H+ wall

Ð→ H
Wall recombination H+

2 ,2H
wall
Ð→ H2

Wall recombination H+

3
wall
Ð→ H2 +H

Electron impact dissociation: H2 + e− Ð→ 2H + e−

Electron impact ionisation: Hx + e− Ð→ H+

x + 2 e− (x ∈ {1,2})
Dissociative ionisation: H2 + e− Ð→ H +H+

+ 2 e−
Recombination
(radiative & three-body): H+

+ e−(+e−) Ð→ H

Dissociative recombination: H+

2 + e− Ð→ 2H
Electron impact dissociation: H+

2 + e− Ð→ H +H+
+ e−

Electron impact dissociation: H+

2 + e− Ð→ 2H+
+ 2 e−

H+

3 production: H+

2 +H2 Ð→ H+

3 +H
Dissociative recombination: H+

3 + e− Ð→ 3H
Dissociative recombination: H+

3 + e− Ð→ H +H2

Electron impact dissociation: H+

3 + e− Ð→ H+
+ 2H + e−

Charge exchange collision: H+
+H2 Ð→ H +H+

2

performed within a dissociation model [Bri22]. The reaction rates depend on the
electron temperature Te, electron density ne and the temperature of heavy particles
Tgas which are necessary as input parameters for the model calculations. For
the calculation, the balance equations for each species are solved for equilibrium.
This is done with the same method as for the CR models Yacora H and H2 (see
chapter 2.4.2), such that detailed information on the calculation of the solution
to the balance equations can be found in [WF16b]. The considered processes are
depicted in table 2.3. The diffusion of H atoms and the positive ions is treated
following the equations (2.22) and (2.23) such that the geometry of the plasma
vessel needs to be considered in the model calculations. The wall loss coefficient γ
is chosen according to the experimental conditions (i. e. the relevant surface). The
model is used in this work in order to predict the H atom density in the plasma
from known plasma parameters ne, Te and Tgas.
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2.3.3 Production and destruction of negative hydrogen
ions

The production of negative hydrogen (and deuterium) ions in ion source plasmas
is mainly determined by two processes, volume production and surface produc-
tion [BW20].

Volume production

The main production mechanism in the plasma volume is the dissociative at-
tachment where collisions of electrons with ground state H2 molecules produce
negative ions via the formation of a metastable H−

2 ion [Bac06]:

H2(X1
Σ
+

g , ν) + e− Ð→ H−

2 Ð→ H−
+H . (2.24)

ν denotes the vibrational quantum number. The rate coefficient of this process
raises strongly for rising electron temperature Te and is strongly increased for high
vibrational quantum number. If ν ≥ 5 for H2 and ν ≥ 8 for D2, the H−

2 formation
threshold lies below 1 eV and even cold electrons (Te ≤ 1 eV) produce significant
H− densities. The formation of vibrationally excited H2 molecules can occur
via electron impact excitation which is inefficient such that a high collision rate
between H2 and e− is desired. The required elevated electron and H2 densities can
be achieved with high pressure. Further, vibrationally excited H2 molecules can be
generated via the relaxation from electronically excited molecules which requires
high electron temperature (Te ≥ 20 eV) to prior excite these molecules [Bac06].

Surface production

Additionally, H− ions can be produced at plasma facing metal surfaces via the
surface conversion of H atoms and various positive ion species:

H + e−surf Ð→ H− and (2.25)

H+

x + 2 e−surf Ð→ H−
+Hx−1 , x = 1,2,3 . (2.26)

Ions that are close to the surface are neutralized when approaching it via Auger-
Meitner neutralization such that they can be treated as H atoms [HKO78, RWL82].
The conversion process for H atoms is illustrated in figure 2.3. When the atom
comes close to a metal surface, the affinity level for forming a H− ion is lowered due
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Figure 2.3: Visualization of the surface conversion of H atoms to H− ions. EF
is the Fermi energy of the surface material and χ its work function. Ea is the
vacuum electron affinity of the approaching H atom. Picture after [RWL82].

to the induction of a positive image charge in the metal surface. As soon as the
affinity level is close to the valence band of the metal, electron tunnelling between
the valence band and the affinity level starts occurring. This leads to a finite
lifetime of the electron in the affinity level which in turn causes broadening of said
level. The particle gets reflected at the surface while the tunnelling continues.

The probability that the particle eventually leaves the surface as H− ion depends
on the electron affinity Ea = 0.75 eV far away from the surface, the surface work
function χ and the velocity vH− of the negative ion leaving the surface. In [RWL82],
the negative ion conversion yield β− from impinging H atoms was calculated from
the overlap of the valence band of the metal surface and the affinity level. In the
limit of low vH− , it is

β− ⋍
2
π
⋅ exp(−

π

2
χ −Ea

avH−

) , (2.27)

which was also derived earlier by [BNH76]. a is an exponential decay constant.
From this it is apparent that a high conversion yield is directly related to a low
work function of the metal wall. This is why H− ion sources based on surface
conversion use the alkali metal caesium (Cs), i. e. the element with the lowest
work function of 2.14 eV, to cover the conversion surface which lowers its work
function [BDD74].
The negative ion conversion yield was calculated more thoroughly in [Cui91,

SCI+96] for the conversion of H atoms and measured in [IKS92, SCI+96] for the
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Figure 2.4: H− conversion yield for impinging H atoms and positive ions as
function of the incident energy. For the positive ions, both energy and conversion
yield are considered as value per nucleus. Figure after [SCI+96]

conversion of positive ion species. The results of these investigations are depicted
in figure 2.4. For positive ions, the y and x axis depict both conversion yield and
energy per nucleus such that the same figure can be used for the conversion of
either of the three ion species H+, H+

2 and H+

3 . The work function of the converter
surface of both calculation and measurement is 1.5 eV which is lower than the
value reached by bulk Cs, but it can be reached under certain circumstances
(low Cs coverage [Wil66a, Wil66b, SS68] or the development of Cs oxides on the
surface [UJ70]).

Using these values of β−, the particle flux ΓH− of H− ions leaving the surface can
be evaluated from a given one dimensional velocity distribution function fvx,A(vx)
of H atoms or positive ions in the vicinity of the converter surface:

ΓH− =

∞

∫
0

fvx,A(vx) vx β
−(vx)dvx . (2.28)

vx denotes the velocity perpendicular to the converter surface while positive
values of vx mean motion towards the surface. fvx,A(vx) is defined as the integral
of fv,A(v) over the vy and vz axis. fvx,A(vx)dvx corresponds to the density of
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particles within the velocity interval [vx, vx + dvx]. A denotes the particle species
that is converted into negative ions.

Destruction processes

On the other hand, H− can be destroyed by several processes in the plasma. These
are [FFK+07]:

• Electron stripping: H−
+ e− Ð→ H + 2 e−

The dependence of this process on Te is very steep such that for Te > 2 eV,
electron stripping is the most significant destruction mechanism of negative
ions in negative ion sources.

• Mutual neutralization: H−
+H+

Ð→ H +H ,
H−

+H+

2 Ð→ H2 +H and
H−

+H+

3 Ð→ H2 +H +H
The rate coefficient of this process varies only slightly with ion tempera-
ture. For low Te, mutual neutralization becomes the dominant destruction
mechanism.

• Associative Detachment: H−
+HÐ→ H2 + e− and

Collisional Detachment: H−
+H,H2 Ð→ H +H,H2 + e−

The rate coefficients of these reactions are smaller than the mutual neutral-
ization rate coefficient by at least one order of magnitude. However, due to
the high density of H and H2 the contribution is as dominant as the mutual
neutralization.

2.4 Optical emission spectroscopy for the
determination of plasma parameters

Optical emission spectroscopy (OES) is a non-invasive and line integrating tool in
order to measure the spectrally resolved emission of a plasma. This information
can be used in order to determine the line-of-sight integrated plasma parameters
ne, Te, nH and Tgas. Its use as a diagnostic is described in detail in [Fan06]. As the
designation of a temperature hints, the investigated energy distribution functions
are assumed to follow a Maxwell-Boltzmann distribution.
A spectrometer consists of a dispersive element (e. g. a grating) which divides

light into its spectral parts and an optical detector which records the light intensity
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as a function of wavelength (e. g. a camera). In order to determine absolute
values for the emissivity εi of a single spectral line i, the spectrometer needs to be
calibrated with the aid of a calibration standard. With this,

εi =
1

lpl texp
⋅ ∫
line

Ci(λ)Si(λ)dλ , (2.29)

where lpl is the plasma length, i. e. the length of the LOS in the plasma, texp
is the exposure time of the optical detector, Ci(λ) is the wavelength dependent
calibration factor and Si(λ) is the spectrometer signal (in counts). The calibration
is performed by using a secondary calibration standard which emits radiation with
a known spectral intensity. Ci(λ) is obtained by dividing the specified emission
from the secondary calibration standard by the measured signal. In this work,
the emissivities of the H atom Balmer lines α to ε (denoted as εα−ε) as well as the
H2 Fulcher-α system are investigated spectroscopically.

2.4.1 Spectroscopy on the H2 Fulcher-α transition

The Fulcher-α system d3
Πu(ν′,N ′) Ð→ a3Σ+g(ν

′′,N ′′) is measured in order to
investigate the properties of H2 molecules. Out of the multiple transitions of
this system, the Q branches (N ′′ = N ′) for the first four diagonal vibrational
transitions (ν′′ = ν′ ∈ [0,3]) are investigated. This data can be used in order to
determine Tgas and the total emission of the Fulcher band εFul. The evaluation of
the data follows the procedure outlined in [BF20]. The emissivity εν

′,ν′′,N ′,N ′′

d→a of a
single transition of the Fulcher-α system is determined by [Her50]

εν
′,ν′′,N ′,N ′′

d→a ∝ nν
′,N ′

d ⋅
SQ(N ′)

2N ′ + 1 ⋅Aν
′,N ′

d→a . (2.30)

Here, nν
′,N ′

d is the density of H2 molecules in the ro-vibronic state d3
Πu(ν′,N ′).

SQ(N ′) is the Hönl-London factor, which determines the relative intensities among
the Q branch and Aν

′,N ′

d→a is the vibronic transition probability which is defined
in [FW06].
The d3

Πu state is predominantly populated via electron impact excitation
from the ground state X1Σ+g . This means that the rotational and vibrational
population of the d3

Πu state (ultimately determining nν
′,N ′

d ) can be calculated from
a known corresponding ground state distribution. This calculation is performed
in order to determine Tgas and εFul. In the course of this, vibrationally resolved
electron excitation cross sections are used and the selection rule ∆N = 0 for
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electron impact excitation is used. The electron temperature Te is necessary
for this as an independent input parameter. For the ground state vibrational
and rotational distribution, two-temperature distributions are used respectively
agreeing with experimentally observed distributions in LPLT plasmas [BF20].
They are characterized by the vibrational temperatures Tvib,1 and Tvib,2 and the
rotational temperatures Trot,1 and Trot,2. The weighing factors βvib and βrot are used
to adjust the share of the two distributions respectively. The two temperatures
Tvib,1 and Trot,1 arise from the plasma processes which cause the population of
rotational and vibrational levels as outlined in chapter 2.2.2. Tvib,2 and Trot,2 arise
from the production of highly vibrationally and rotationally excited molecules
via wall recombination of H atoms as described in [VSE04]. Tvib,2 and Trot,2 are
set to the same value and βrot = βvib = β is used for the evaluation. The result
of the calculated d3

Πu(ν′,N ′) populations is compared to the recorded emission
following equation (2.30) and Trot,1, Trot,2 = Tvib,2, Tvib,1 and β are optimized such
that the calculation fits best to the measurement. The resulting value of Trot,1 is
taken as value for Tgas.
Knowing the vibrational and rotational population of the d3

Πu state, the
absolute value of the entire Fulcher-α emission εFul can be calculated. For this,
the earlier determined rotational and vibrational population of the ground state is
used in order to determine the vibrational and rotational population of the d3

Πu

levels by balancing vibrationally resolved electron excitation and spontaneous
emission. From this information, the full emission spectrum of the P, Q and R
branches of the Fulcher-α transition is calculated.

2.4.2 A collisional radiative model for atomic and
molecular hydrogen

The entire Fulcher-α emission in combination with the emission of the H atom
Balmer lines can be used to determine the plasma parameters ne, Te and nH. For
this, the population of the excited H atom states as well as the H2 d3

Πu state need
to be modelled as a function of the mentioned plasma parameters. A Boltzmann
distribution is not valid for the excitation of H atoms such that

nH, n=1 ≫ ∑
i≥2

nH,n=i

⇒ nH = nH, n=1 .



2.4 OES for the determination of plasma parameters 27

This is why the collisional radiative (CR) models Yacora H and Yacora
H2 [WF16b, WSB+21] are used for this which solve the balance equations for the
H atom states with principal quantum number n ≤ 40 and for those molecular
triplet states which dissociate into H atoms with principal quantum number n ≤ 10.
The restriction to these states has been proven to be valid by benchmarks of calcu-
lated population densities against measurements by optical emission spectroscopy.
This system of differential equations is solved for its equilibrium where the time
derivatives of the densities are 0. nH, ne, Te, Tgas and the ion densities are input
parameters for the calculations. The energy distribution functions of all particles
are accordingly assumed to follow a Maxwell-Boltzmann distribution. These
parameters change on a much lower time scale than the excited state densities
of H and H2 such that the input parameters are kept constant for the model
calculations. The processes which are considered in the two models are depicted
in table 2.4. The result of the models are the population coefficients Rsi which
link the equilibrium density ni of the corresponding particle (H or H2) in state i
to ne and the density ns of particle species s. ni is then given by

ni = ne∑
s

nsRsi(Te, ne, ...) . (2.31)

In this way, information about the specific reaction channel which is responsible
for the production of particles in state i is gained. The values of Rsi depend on the
specific input parameters which are used for the calculation. The used model of
atomic hydrogen is described more thoroughly in [WF16b] whereas the molecular
hydrogen model which is relevant for this work is described in [WSB+21].

In order to use the model results for diagnostic purposes, a set of population
coefficients is calculated for a broad range of specific input parameters. Using
equation (2.12), the absolute values of the resulting densities ni are compared
to the Balmer emissivities εα−ε and the Fulcher-α emission εFul determined via
spectroscopy. Also ratios of specific emission lines are compared to the respective
calculated line ratios. The set of input parameters is then optimized such that
the resulting ni values fit best to the spectroscopic results. Simultaneously, the
charged particle densities are constrained by the quasi-neutrality relation

nH− + ne = nH+ + nH+
2
+ nH+

3
(2.32)

and the densities of neutral species need to fulfil the ideal gas law
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Table 2.4: Population and de-population reactions considered for the CR models
Yacora H and H2 [WF16b, WSB+21]. For H atoms, the principal quantum number
is parametrized by p and q. For the H2 molecules, the same holds for the electronic
states. Vibrational and rotational excitation of H2 molecules is not considered.

Yacora H
Electron impact (de-)excitation: H(p) + e− Ð→ H(q ≷ p) + e−

Spontaneous emission: H(p) Ð→ H(q < p) + hν

Electron impact ionization: H(p) + e− Ð→ H+
+ 2 e−

Three-body recombination: H+
+ 2 e− Ð→ H(p) + e−

Radiative recombination: H+
+ e− Ð→ H(p) + hν

Dissociative excitation: H2 + e− Ð→ H(p) +H(1) + e−

Dissociative excitation: H+

2 + e− Ð→ H(p) +H+
+ e−

Dissociative recombination: H+

2 + e− Ð→ H(p) +H(1)
Dissociative recombination: H+

3 + e− Ð→ H(p) +H2

Mutual neutralization: H−
+H+

Ð→ H(p) +H(1)
Mutual neutralization: H−

+H+

2 Ð→ H(p) +H2

Yacora H2

Electron impact (de-)excitation: H2(p) + e− Ð→ H2(q ≷ p) + e−

Electron impact ionization: H2(p) + e− Ð→ H+

2 + 2 e−

Spontaneous emission: H2(p) Ð→ H2(q < p) + hν

Quenching: H2(p) +H2 Ð→ H2(q < p) +H2

Charge exchange with H+: H2(p) +H+
Ð→ H+

2 +H
Dissociative attachment: H2(p) + e− Ð→ H−

2 Ð→ H +H−

p ⋅ V = (NH +NH2)kBTgas

⇒nH + nH2 =
p

kBTgas
, (2.33)

where V is the plasma volume while p is the total pressure in the discharge
vessel. Other particle species do not contribute to the pressure due to their low
density. With this procedure, global values of ne, Te and nH are obtained as the
optimized set of input parameters.
Concerning nH, this evaluation is considered reliable in ionizing plasmas since

the majority of excited H atoms originates from electron impact excitation of H
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atoms [BF18]. The emission of the Balmer lines depends thus mostly on ne, Te
and nH, such that the relative error bar of the resulting parameters is small for
the evaluation. In a recombining plasma, this process plays only a minor role and
the production of excited H atoms is dominated by recombination processes of the
positive ions [BF18]. This causes on the one hand that more free parameters are
relevant for the model calculations making it more difficult to find the optimal set
of parameters. On the other hand, the influence of H atoms on the excited state
densities is not big such that it can be varied within a larger interval without much
influence on the modelling results. Both raises high error bars to the resulting nH
value in that case.

Presently, these models are only established for hydrogen and not for deuterium.
Yet, they can be applied on D2 plasmas under certain remarks. D atoms exhibit
the same electronic structure compared to H atoms due to the low respective mass
dependence. Thus, the rates of reactions which involve H/D atoms exclusively
are directly transferable which also holds for H+/D+ ions. In contrast, molecular
deuterium exhibits a differing rotational and vibrational structure such that
also the cross sections of reactions involving D2 molecules and molecular ions
change. This leads to an isotope dependence of the reaction rates involving H2/D2

molecules and molecular ions. However, the corresponding cross sections are not
available with the required precision such that no model for deuterium has been
developed. Therefore, also here the models Yacora H and H2 are used.

2.4.3 Re-absorption of photons

The inverse process of spontaneous emission is the absorption of photons while
exciting a particle from state q into state p. In plasmas, emitted photons can
be absorbed again while traversing through the plasma which acts as a further
excitation mechanism for the lower state particle. This process is called photon
re-absorption and is treated extensively in [Gri97, MO99]. In hydrogen plasmas,
especially the transitions terminating on the ground state are prone to photon
re-absorption which causes a significant increase in the population of excited H
atoms which holds especially for the main quantum number n = 2 [BF00]. This is
due to the high Einstein coefficient Apq of the corresponding transitions and the
high ground state H atom density [Beh98]. In CR models, this process needs to
be accounted for in order to depict the population coefficients correctly.
A method to accomplish this is the escape factor method which is described

in [Iro79a, Iro79b, Iro79c, Iro80] and is shortly introduced in the following. The
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escape factor method treats photon re-absorption effectively as a weakening of
the Einstein coefficient such that equation (2.12) is rewritten to

dnp
dt = −npApq ΘP . (2.34)

ΘP is the population escape factor that corresponds to a solution of the Holstein-
Biberman equation which is treating the re-absorption problem as a rate equation
for the upper state [MO99]. It is calculated in [BF00] for the Lyman series in
atomic hydrogen. ΘP depends on the spatial distribution of the (radiating) upper
state density, the ground state hydrogen density, the transition line profile and
the geometry of the plasma. Those parameters need to be measured or assumed
in order to perform an escape factor calculation. For the use within Yacora H,
a set of population escape factors is calculated for varying nH and TH(= Tgas).
The latter parameter is relevant for the transition line profile due to Doppler
broadening. Concerning the terminology: if a Yacora calculation is performed
without considering photon re-absorption (ΘP = 1), it is denoted as an optically
thin case whereas otherwise (ΘP ≠ 1) it is denoted as an optically thick case.
Correspondingly, the effect of photon re-absorption is often denoted as optical
thickness or opacity in the literature.

2.5 Negative hydrogen ion sources for NBI

The NBI for ITER requires an ion source which operates at 0.3Pa while maintaining
extracted H− and D− current densities of 329A/m2 and 286A/m2 respectively while
the co-extracted electron current density is to be kept below these values [HBB+17].
In order to produce a sufficient H− density via volume production, reaction (2.24)
needs to be enhanced. For this, high pressure and high electron density are
beneficial, which contradict the ITER requirements regarding the filling pressure
of 0.3Pa and the low co-extracted electron current respectively. In contrast,
the H− production based on surface conversion offers the possibility to fulfil the
ITER requirements [FFK+07]. In order to maximize the share of H− that is
extracted, their trajectory length inside the plasma is to be kept small preventing
H− destruction. Thus, a negative ion source needs to be constructed in such a way
that H− generation and extraction are located very close to each other [FFF+06,
FFK+07]. In order to optimize the source regarding the H− production rate, the
tandem principle is utilized. Here, the source is divided into two regions: a “hot”
plasma region (Te ≈ 10 eV) and a “cold” plasma region (Te ≲ 2 eV). The initial
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Figure 2.5: Schematic drawing of the H− ion source developed at IPP. BP: bias
plate, PG: plasma grid, EG: extraction grid, GG: grounded grid.

intention of this concept was to produce vibrationally excited H2 molecules in the
hot plasma region which expand into the cold plasma region in order to form H−

via the volume production process [Bac06].
The same concept was adopted by the RF driven negative ion source based on

surface conversion. In that case, the hot plasma region is used for the production
of H atoms as well as H+

x ions by electron impact which is favoured by high electron
temperature. These particles expand into the cold plasma region in which they are
converted into H− at the converter surface. The low electron temperature prevents
the H− to be destroyed via electron stripping. The RF negative ion source was
developed at the Max-Planck-Institut für Plasmaphysik (IPP) in Garching and
it was chosen as the reference source for the ITER NBI [HDG+09]. Figure 2.5
shows the reference source in a schematic view. It consists of three parts, namely
the driver, the expansion region and the extraction region. The driver consists
of a cylindrical plasma vessel which is surrounded by a coil connected to an
RF generator via an RF matching network. Here, a H2 plasma is generated via
inductive coupling resulting in electron densities of 1018 m−3 and temperatures
above 10 eV [FBH+21]. Capacitive coupling is prevented with the aid of a Faraday
shield enclosing the driver. The high potential differences between plasma and
vessel walls would cause significant damage to the driver walls due to sputtering
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otherwise. The hot plasma expands into the expansion region towards the plasma
facing grid of the grid system (called plasma grid, PG). Here, H− is produced
via surface conversion of H atoms and positive ions approaching from the driver.
For this, the PG needs to be covered with Cs which is evaporated by a Cs
oven located above the driver. Following the evaporation of Cs into the plasma
chamber, it is redistributed within the whole ion source by the plasma. A
magnetic filter field (∼ mT) is created in the expansion region to reduce the
electron density and temperature which suppresses electron stripping of H− and
lowers the amount of co-extracted electrons. Due to their low mass and high
velocity, the electrons are magnetized by the magnetic field such that their diffusion
towards the PG is hindered (reducing their density) and their collisionality is
increased (causing cooling of electrons) [Hol82, FSF+11]. This results in an electron
density of ∼ 1017 m−3 and an electron temperature of ≲ 2 eV in the vicinity of the
PG [BF18, FBH+21]. The horizontally aligned magnetic filter field is created by
driving a current (∼ kA) vertically through the PG. Apertures are embedded
in the PG for negative ion extraction. The beam is extracted through several
(∼ 100) apertures while a beam that is extracted through a single aperture is
called beamlet. The apertures are enclosed by the bias plate (BP). Both PG and
BP can be biased positively with respect to the other source walls which has a
beneficial influence on the amount of co-extracted electrons [WF16a]. The H−

ions are extracted by applying a voltage of up to 10 kV between the PG and the
following grid, the extraction grid (EG). Co-extracted electrons are deflected by
permanent magnets which are embedded in the EG and hit the EG. The ions
are accelerated towards their full energy between the EG and the last grid, the
grounded grid (GG). This grid is kept at ground potential such that the ion source
vessel is kept at the negative high voltage potential.

On the H atom density and VDF close to the PG

Regarding the two surface conversion reactions (2.25) and (2.26), the dominant
process of the two is considered to be the conversion of H atoms. This was shown
in [WSM+12], where the amount of produced negative ions by conversion of H
atoms or positive ions is estimated and compared. Thus, the amount of generated
H− ions depends directly on the density nH and the VDF of hydrogen atoms in the
vicinity of the plasma grid. Hence, reliable measurements of these two parameters
are desirable.
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At BATMAN Upgrade, the relevant position for the determination of nH is
close to the plasma grid, as the production of negative hydrogen ions takes place
there. The result of the OES investigations undertaken at BATMAN Upgrade
close to the plasma grid is nH between 6×1018 m−3 and 8×1018 m−3 at a pressure of
0.3Pa [BF18] and values between 1× 1019 m−3 and 2× 1019 m−3 at 0.6Pa [FFF+06].
When operated with deuterium, the atomic density was higher compared to
hydrogen [FFF+06]. However, the plasma close to the PG is recombining such
that the stated values are assigned with a high error bar. In addition, photon
re-absorption can not be accounted for since the complicated geometry of the ion
source makes the determination of population escape factors computationally very
expensive. Therefore only optically thin Yacora calculations were considered for
the determination of the stated parameters. TH was determined by evaluating
the Doppler broadening of the Hα line to be 0.8 eV [WMS+13]. That value was
corrected recently by using a spectrometer with a higher resolution revealing a two
temperature distribution of H atoms with a cold temperature of 2200K and a hot
temperature of 2.5 eV. The share of the two populations depends on the operation
parameters [FBH+21]. As the observed radiation originates from excited H atoms,
it is not yet clear if it is also present among ground state atoms.
In [Koh15], the H atom density and its energy distribution function were

simulated in a DSMC (direct simulation monte carlo) code which models generation,
collisions and destruction of neutral particles in a scaled version of the ion source
of BATMAN Upgrade. Close to the PG, the calculation predicts a H atom
density of 9 × 1018 m−3 for a pressure of 0.3Pa at a power of 60 kW coupled to the
plasma. The resulting energy distribution function is strongly peaked towards 0 eV
but exhibits a prominent high energy tail which makes the distribution strongly
non-Maxwellian. The tail features energies above 20 eV and is caused by the
recombination of positive ions at the vessel walls with prior acceleration inside
the plasma sheath.
In order to overcome the diagnostic difficulties for both parameters, it is

necessary to directly access H atoms in the ground state circumventing the
indirect influence of nH and the H atom VDF on the emission spectra. TALIF
offers this possibility including sufficient spectral resolution in order to determine
the H atom VDF. The installation of a TALIF diagnostic at BATMAN Upgrade
could therefore resolve the uncertainty of the earlier diagnostics.
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3 TALIF for the H atom density
and VDF determination

Laser induced fluorescence (LIF) is a widely used minimally invasive diagnostic
in order to determine the density of atoms or molecules in a plasma [DMT+15,
EKG20]. For this diagnostic, a laser is used in order to excite the particles of
interest to an excited state. Subsequently, the excited particles emit radiation in
the course of spontaneous emission which is collected with a photon detector. The
detector signal is then used for the density determination [Dem07]. In addition,
by varying the wavelength of the illuminating laser, the absorption line profile can
be measured. That is connected to the particle velocity distribution function via
the Doppler effect if the line broadening induced by this is dominant over other
line broadening mechanisms.
In order to study ground state H atoms by means of single photon LIF, the

wavelength of the laser needs to be smaller than or equal to 121 nm (Lyman-α
transition) owing to the electronic structure of H. However, this wavelength range
lies in the vacuum ultra-violet (VUV) spectral region and is thus strongly absorbed
in air which raises difficulties in the realization of the experimental apparatus.
In addition, the absorption of resonant photons by ground state H atoms is very
strong such that these photons are absorbed within the first few mm inside the
plasma [Beh98, MFB+21] which impedes LIF measurements at the plasma center.
A way to circumvent these difficulties is the use of an excitation scheme based on
the simultaneous absorption of two photons with double the wavelength compared
to the corresponding single photon transition. The diagnostic based on such
an excitation scheme is called two-photon absorption laser induced fluorescence
(TALIF).

The process of two-photon absorption has first been described by Maria
Goeppert-Mayer [GM31] and has been demonstrated for ground state hydro-
gen atoms by [BAFS78, ABF78, BFWS81] for various transitions. After a lot
of preparatory work regarding the used two-photon transition [CMK+94a] and
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the calibration of a TALIF diagnostic [CMK+94b, GKD98, NSD01], TALIF is
nowadays used as a diagnostic to study not only ground state H atoms but also
other species such as N and O atoms [Sta20, GLA+21]. However, the two-photon
absorption cross section is very small [TTSC86] such that a laser at high intensity
is necessary in order to cause sufficient excitation such that the resulting fluo-
rescence can compete against the Hα radiation of the plasma. A sufficient peak
intensity can only be reached by a pulsed laser system exceeding the possible
intensity of continuous wave lasers. The pulse length for TALIF systems is ≲ 10 ns
with some systems operating even with fs pulses [DGdO+22, SSS+17]. While
offering advantages at high discharge pressure due to quenching, such short laser
pulses suffer from a very broad spectral resolution due to the Fourier limit [Rei04].
As the determination of the H atom VDF requires a narrow line width of the
laser, a laser system with a pulse length of 6 ns is chosen for this work. For
the same reason it is required that the laser wavelength needs to be tunable.
These requirements can be met by a tunable dye laser system which is pumped
by a frequency doubled Nd:YAG laser. Such an instrument consist of multiple
optical components which are sensitive to their environment and require frequent
maintenance. This is why TALIF is not a standard diagnostic despite its unique
and valuable capabilities.

3.1 Two-photon absorption laser induced
fluorescence

In order to excite a particle in a state 1 with the energy value E1 into the state 2
with energy E2 via the absorption of two photons i and k, they need to satisfy
the relation

E1 + hνi + hνk = E2 , (3.1)

where νi = c
λi

and νk =
c
λk

are the frequencies of the two photons and λi/k the
corresponding wavelengths. For TALIF as performed in this work, λi = λk such
that only one laser is required. In addition the two particle states need to satisfy
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Figure 3.1: TALIF principle.

the selection rules for a two-photon transition [BM84]. For two linearly polarized
photons of equal wavelength these are

∣∆J ∣ ≤ 2 ,

π = const ,

J1 + J2 ∈ N ,

J ∶ 0↔ 1 forbidden ,

∆MJ = 0 ,

and if ∣∆J ∣ = 1, MJ ∶ 0→ 0 forbidden . (3.2)

Here, J1 and J2 denote the total angular momentum of the states 1 and 2
respectively and ∆J = J2 − J1 is their difference. π1/2 is the parity of the wave
function assigned to state 1 or 2. For electronic states of the hydrogen atom with
orbital angular momentum quantum number l, it is given by π = (−1)l. MJ1/2

is the magnetic quantum number of state 1 or 2, whereas ∆MJ denotes their
difference.

Figure 3.1 shows the principle of TALIF for determining the density n1 of atomic
particles of species X in the ground state 1 and shall be used as a guiding example
in the following. The following elaboration follows [Sta20, NSD01, vdHBM+00,
CMK+94a]. When the atoms in state 1 are illuminated with a laser pulse at
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wavelength λ = c
ν with intensity I(t), the rate at which these particles are excited

to state 2 is given by

R2PA(t) = σ
(2) g(λ)

λ2

c
G(2) (

⟨I(t)⟩

hν
)

2

. (3.3)

Here, σ(2) denotes the two-photon absorption cross section and g(λ) is the corre-
sponding line profile which is normalized after ∫line g(λ)dλ = 1. G(2) is the photon
statistical factor. It is given by the relation ⟨I(t)2⟩ = G(2) ⋅ ⟨I(t)⟩

2, where ⟨●⟩ de-
notes a time average. For multi-mode lasers, G(2) = 2 typically [CMK+94a, Lou83].
G(2) and the time average notation are used in equation (3.3) since the measure-
ment of the pulsed laser intensity always happens at some finite bandwidth which
is equivalent to averaging the instantaneous laser intensity over time.

Subsequent to the excitation, the X atoms in state 2 decay into state 3 sponta-
neously while emitting fluorescence photons. The corresponding Einstein coefficient
is denoted as A23. In order to connect the density nF of fluorescence photons
produced by one laser pulse with the density of ground state atoms n1, the rate
equation for the density n2 of particles in state 2 is evaluated. That is

d
dtn2(t) = R2PA(t)n1(t) −A2 n2(t) . (3.4)

A2 denotes the sum of the Einstein coefficients of all spontaneous emission
transitions under which X atoms in state 2 can decay. In that equation, only
the excitation of particles via two-photon absorption and spontaneous decay
are considered. If further plasma or laser induced excitation and de-excitation
processes need to be considered in the TALIF treatment is evaluated for each
individual particle species [Sta20].

Assuming only a small influence of the laser on n1, i. e. n1(t) = const, the
solution of equation (3.4) is given by

n2(t) = n1

t

∫
0

R2PA(t
′) e−A2(t−t′) dt′ . (3.5)

From this follows that n2(t) is decaying exponentially as soon as the laser pulse
has ended. The according decay constant is A2 and the mean lifetime is τ = 1/A2.
nF can be calculated together with equation (3.3) via
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nF = A23

∞

∫
0

n2(t)dt

= n1 a23
G(2) σ(2)

(hν)2 g(λ)
λ2

c

∞

∫
0

⟨I(t)⟩
2 dt , (3.6)

while the second step is done by performing partial integration. a23 =
A23
A2

is the
branching ratio of the observed fluorescence transition. It denotes the fraction
of all excited X atoms which decay within the observed spontaneous emission
channel 2→ 3.

In order to determine n1, the fluorescence is detected with a photon detector
which gives a signal that is proportional to the photon flux hitting its sensor area.
In addition to the fluorescence in course of the TALIF diagnostic, the plasma
usually emits radiation at the same wavelength since particles in the state 2 are
also produced via plasma processes. This radiation is inevitably collected by the
photon detector and is visible as an offset in the detector signal. Accordingly, it
has to be subtracted for the evaluation. The proportionality constant between
radiation and detector signal, the detector sensitivity, is denoted as ξ. The total
detector signal SDetector(ν) per laser pulse is then given by

Sdetector(λ) = T ξ
Ω
4π ∫

V

nF(
⇀

r)dV ∝ n1 ⋅

∞

∫
0

⟨I(t)⟩
2 dt . (3.7)

Here, T is the transmission of the detection optics at the wavelength of the
fluorescence radiation, Ω is the acceptance solid angle of the detection system and
the integral of nF is performed over the whole volume observed by the photon
detector. It is assumed that the emission of fluorescence is isotropic which is
justified as the orientation of atoms within a plasma is generally arbitrary. This
assumption is represented by the division of 4π. Moreover, Ω is assumed to be
constant for fluorescence from all locations within V which is true if the distance
between the photon detector and V is large compared the the dimensions of V .
Lastly, n1 is assumed to be constant within the detection volume such that the
result of equation (3.7) represents an average of n1 over V and the dimensions of
V give the resolution of the TALIF system.
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3.2 Calibration of the TALIF system

The measured Sdetector(λ) from equation (3.7) depends on the temporal and spatial
profile of the laser beam intensity, the detection optics, the photon detector itself
and the line profile of the two-photon absorption transition. Deducing n1 from
Sdetector(λ) would therefore require knowledge of all these parameters which is
barely possible with the required precision. That is why a calibration of the used
TALIF system is necessary. This is done as conducted in [NSD01] by using a
noble gas R at known density nR as reference. For this it is necessary that R has
a two-photon transition spectrally close to the one which is used for probing the
atomic species X. Probing that reference gas with the same laser system as used
for X, observing the produced fluorescence and comparing the signals obtained for
R and X gives then the calibration of the TALIF system. With this, however, it is
assumed that the spatial intensity profile of the used laser does not change when
changing its wavelength. That is reasonable if the wavelength change between the
two transitions is small.

For this procedure, the normalized detector signal

SXTALIF(λ) =
Sdetector(λ)
∞

∫
0
⟨I(t)⟩

2 dt
(3.8)

for TALIF performed on species X (and correspondingly SRTALIF(λ) for species
R) is defined. With this, the ground state density of species X can be determined
via [NSD01]

n1 = nR
ξR TR
ξX TX

aR
a23

∫ S
X
TALIF(λ)dλ

∫ S
R
TALIF(λ)dλ

⎛

⎝

λ
(2)
R,0

λ
(2)
X,0

⎞

⎠

4
σ
(2)
R

σ
(2)
X

. (3.9)

Here, ξR, TR and ξX , TX denote the detector sensitivities and detection system
transmissions evaluated at the wavelengths of the fluorescence radiation of the
species R and X correspondingly. aR is the branching ratio of the observed
fluorescence of species R. λ

(2)
R,0 and λ

(2)
X,0 are the central wavelengths of the

two-photon transitions of the two species. σ(2)R and σ(2)X are the corresponding two-
photon absorption cross sections. The TALIF signals are denoted as wavelength
integrals over the whole transition. This is done in order to omit the line profile
dependence of the TALIF signal, since ∫ g(λ)dλ = 1. For this, SXTALIF(λ) and
SRTALIF(λ) have to be measured across the whole spectral line.
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With this calibration method, the only system parameters that need to be
known are the ξ and T ratios at the two fluorescence wavelengths. The other
constants depend on the species X and R and need to be evaluated individually.
This dependence is shifted to the requirement of a precise knowledge of σ(2)R and
nR. For the latter parameter it is therefore advantageous to use a noble gas such
that the calibration can be performed without operating a plasma also omitting
additional light from the plasma hitting the detector.

3.3 TALIF line profiles

The line profile g(λ) of the two-photon absorption transition is determined by
measuring SXTALIF(λ) while varying the wavelength of the exciting laser. The
measured profile is the result of the double convolution of the actual line profile
g2PA(λ) with the spectral profile of the laser gLaser(λ) [NSD01, Sta20]

g(λ) = g2PA(λ)⊗ gLaser(λ)⊗ gLaser(λ) . (3.10)

If both g2PA(λ) and gLaser(λ) have the shape of a Gaussian, the resulting FWHM
∆λ is given by

∆λ =
√

(∆λ2PA)2 + 2(∆λLaser)2 , (3.11)

where ∆λ2PA and ∆λLaser are the FWHM’s of the two-photon absorption and
the laser line profiles respectively. From this follows the relation

∆λLaser ≪ ∆λ2PA

⇒∆λ = ∆λ2PA .

This is why it is preferred to use a laser with a low λLaser value if g(λ) is a
parameter of interest.

The shape and FWHM of g2PA(λ) depends on the line broadening mechanisms
that are relevant for the transition. As was elaborated in chapter 2.1.2, these are
natural broadening and Doppler broadening. Concerning natural broadening, the
resulting FWHM ∆λ2PA,nat is given by [Bir19]

∆λ2PA,nat =
(λ
(2)
0 )

2

c
(

1
4πτ1

+
1

4πτ2
) . (3.12)
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λ
(2)
0 is the central wavelength of the two-photon transition. τ1/2 are the average

lifetimes of the X atom states 1 and 2 involved in the two-photon absorption.
If the X atoms have a Maxwell-Boltzmann velocity distribution function with

temperature TX , the FWHM ∆λ2PA,Dop arising from Doppler broadening is given
by [CCL+99]

∆λ2PA,Dop =
λ
(2)
0
c

√
8 ln(2)kB TX

mX

. (3.13)

Here, mX is the X atom mass. If the atomic VDF is not given by a Maxwell
distribution, g2PA(λ) is given by the projection of the full VDF onto the axis
parallel to the laser beam fv∥,X(v∥) [MVES01]. The velocity is converted into a
wavelength by using the Doppler relation

λ′ = λ ⋅ (1 ±
v∥

c
) , (3.14)

where λ′ denotes the wavelength in the rest frame whereas λ is the wavelength
in the moving frame of the atom (i. e. λ(2)0 ).

3.4 Application to hydrogen

The TALIF scheme that is used for the investigation of atomic hydrogen in this
work is shown in the energy diagram in figure 3.2 (a), where the energy axis is
shifted in such a way that the value 0 corresponds to the H atom ground state. The
corresponding two-photon absorption wavelength and cross section data is shown
in table 3.1 as well as the fluorescence transitions together with their wavelength
and Einstein coefficients. Here, ground state H atoms are excited into the states
32D3/2, 32D5/2 and 32S1/2 via the absorption of two 205.08 nm photons according
to the selection rules (3.2) for two-photon absorption. Transitions into the states
32P3/2 and 32P1/2 are omitted by the selection rules. The subsequent fluorescence
decay happens in the course of the Hα transition at 656.3 nm. The two-photon
absorption cross sections shown in table 3.1 were calculated in [TTSC86] not for
the fully resolved fine structure states but for groups of levels with n = 3 according
to their value of l. That is why those groups are shown in figure 3.2 (a). The
two-photon absorption cross section for the 3d states is bigger by a factor of 7.56
compared to the 3s cross section. Because of this and due to the significantly lower
fluorescence Einstein coefficient of the latter state, the two-photon absorption
transition into the 3s state is commonly disregarded [Sta20].
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Figure 3.2: Applied TALIF schemes for ground state (a) hydrogen and (b) krypton
atoms.

Table 3.1: Upper states of the two-photon absorption transitions for H atoms used
for TALIF with the corresponding two-photon absorption wavelength and cross
section [TTSC86], fluorescence transitions with the corresponding wavelengths and
Einstein coefficients [NIST].

State λ
(2)
0 [nm] σ(2) [cm−4] Fluorescence

transition λ [nm] Einstein
coefficient [s−1]

32D5/2 205.08437 Ð→ 22P3/2 656.285 6.47 × 107

32D3/2 205.08444 Ð→ 22P1/2 656.271 5.39 × 107

Ð→ 22P3/2 656.287 1.08 × 107

32S1/2 205.08465 Ð→ 22P1/2 656.275 0.21 × 107

Ð→ 22P3/2 656.291 0.42 × 107

3d 205.0844 1.77 × 10−35 Ð→ 2p 656.3 6.47 × 107

3s 205.0847 0.23 × 10−35 Ð→ 2p 656.3 0.63 × 107
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Krypton is used for the calibration of the hydrogen TALIF system as proposed
in [NSD01]. The corresponding TALIF scheme is shown in figure 3.2 (b). Ground
state (4p6 1S0) krypton is excited to the state 5p′ [3/2]2 by absorbing two photons
at 204.13nm. Subsequently, the excited atoms decay into the state 5s′ [1/2]1

while emitting radiation at 826.3nm. The ratio of the two-photon absorption
cross sections σ(2)Kr /σ

(2)
H was determined in [NSD01] to be 0.62 assigned with an

uncertainty of ±50 %. The Einstein coefficient of the fluorescence transition is
3.42 × 107 s−1.

The other species dependent parameter in equation (3.9) that needs to be
evaluated for H and Kr atoms is the corresponding branching ratio. This parameter
needs a more thorough treatment. To further determine, if equation (3.4) describes
the processes happening during and after the laser pulse in the plasma to a
satisfying degree, further laser and plasma induced processes need to be evaluated
for H and Kr according to [Sta20], which will be done in the following sub-chapters.

3.4.1 Branching ratios and fluorescence decay times

The n = 3 H atom states excited by two-photon absorption do not have any further
spontaneous emission transitions than the ones shown in table 3.1, such that the
branching ratio aH23 of the fluorescence is 1 and the lifetime of the excited states is
15.4ns (when disregarding the 3s excitation). The krypton state 5p′ [3/2]2 has
two further spontaneous emission transitions, such that aKr

23 = 0.977 and its lifetime
is 28.5ns [NIST].

In addition to radiation losses, de-excitation of excited particles via the collision
with other heavy particles or electrons (so called quenching) can build a significant
loss channel of excited atoms. In this case the branching ratio needs to be corrected
via [Sta20]

a23 =
A23

A2 +Q
, (3.15)

where Q is the quenching rate of the excited particles. It is given by

Q =∑
q

kXq nq . (3.16)

kXq is the corresponding quenching coefficient of the excited atom X for the
quenching partner q and nq the q density. The sum in this equation is performed
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for all potential quenching partners q of the excited atom. The lifetime τX of
excited atoms is then reduced according to

τX = (A2 +Q)
−1
. (3.17)

Quenching coefficients of the excited H and Kr states have been measured
in [NSD01] for various quenching partners. The hydrogen plasmas that are
investigated in this work, are fed either only with H2 gas or a H2/He mixture.
The quenching coefficients of the excited H atoms for H2 and He are

kHH2
= 20.4 × 10−16 m3 s−1 and kHHe = 0.18 × 10−16 m3 s−1 .

In this work, the highest investigated pressure is 10Pa and the according
gas temperature was determined to be 650K in that case (see chapter 5 for
further details). Here, Q has the value 2.3 × 106 s−1. This is roughly 3 % of the
3d Einstein coefficient such that quenching is negligible for pressures ≤ 10Pa..
Since the quenching coefficient for helium is two orders of magnitude lower than
the H2 quenching coefficient and the partial helium pressure is below 5Pa in
the investigated plasmas, helium quenching of excited H atoms can be ignored.
Quenching by electrons was investigated in [vdHBM+00] where quenching by
electrons was only present at electron densities well above 1018 m−3. This is one
magnitude higher than any electron density observed in the plasmas of this work.

For the calibration with Kr, pure Kr gas is filled into the vacuum vessel meaning
that the gas is at room temperature. The quenching coefficient of the 5p′ [3/2]2

state by Kr atoms (self-quenching) was determined to be [NSD01]

kKr
Kr = 1.46 × 10−16 m3 s−1 .

At room temperature and at a pressure of 10Pa, this leads to a quenching rate
of Q = 3.6 × 105 s−1, which is two orders of magnitude lower than the fluorescence
Einstein coefficient of the observed transition. At low pressure below 10Pa,
quenching can thus be ignored for the Kr TALIF.
A further process that can alter the branching ratio of the observed hydrogen

transition is the population of the 3p states by redistribution of the two-photon
absorption excited 3d and 3s states. This process is called l state mixing and
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Figure 3.3: Hydrogen atom TALIF scheme complemented with the population of
the 3d states via l state mixing.

was observed in [PPT+95] and [vdHBM+00]. Figure 3.3 shows the H atom TALIF
scheme from figure 3.2 (a) complemented with l state mixing. With the additionally
populated levels, the Lyman-β transition at 102.6 nm serves as an additional decay
channel for the excited H atoms and has to be considered in the branching ratio
calculation. Assuming population among the n = 3 fine structure states according
to their respective statistical weights (i. e. perfect state mixing) results in a
branching ratio of 0.441 and a lifetime of the excited states of 10 ns [vdHBM+00].
In [PPT+95], l state mixing is attributed to heavy particle collisions of the

excited H atoms and mixing coefficients equivalent to the quenching coeffi-
cients in equation (3.16) are derived from the experimental data. On the other
hand, [vdHBM+00] attributes the l state mixing to electric fields within the Debye
sphere or the laser beam electric field. In general, the presence of l state mixing
can be evaluated by measuring the fluorescence decay time τH from the time
resolved photon detector signal. The branching ratio is in turn determined based
on these measurements.

For the measurement of τH, the temporal pulse shape of the laser is not important
as the decay of excited H atoms follows exponential decay as soon as the laser
intensity drops to 0. However, the pulse length of the laser needs to be shorter
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than the fluorescence decay time in order to differentiate between the temporal
laser intensity profile and the fluorescence decay. This is demonstrated in [SSS+17]
where a highly quenched O atom TALIF signal reaches decay times clearly below
1 ns. Only TALIF systems operating with laser pulses at a length on the ps or fs
scale are capable of making such timescales accessible. In this work, the shortest
expected decay time is 10 ns, such that the pulse length of 6 ns mentioned earlier
is sufficient for the determination of τH.

3.4.2 TALIF saturation

From equation (3.6) it is apparent that the produced fluorescence photons density
depends quadratically on the intensity of the exciting laser. If a TALIF signal is
saturated, this dependency is of lower order and the shown calibration procedure
is not valid. Saturation of TALIF signals can occur owing to three processes,
namely the ionisation of the two-photon absorption excited atoms absorbing a
third photon (three-photon ionisation), the depletion of the ground state and
stimulated two-photon emission.

• For the H atom TALIF scheme used in this work, three-photon ionisation is
possible, since the ionization threshold energy for photoionisation of n = 3
atoms (1.51 eV) is smaller than the photon energy of the used laser (6.05 eV).
The ionisation rate Γ(t) of n = 3 H atoms when illuminated with laser
intensity I(t) is given by [LH95]

Γ(t) = σ(λLaser) ⋅
λLaser I(t)

hc
, (3.18)

where σ(λLaser) is the photoionisation cross section. For H atom states with
main quantum number n, it is given by

σ(λLaser) = 2.815 × 1029 cm2 s−3 ⋅
λ3
Laser
c3 n5 . (3.19)

This effect needs to be considered for Kr as well, but in this case no such
data is available to the authors knowledge.

• The depletion of the ground state happens if for the solution of equation (3.4),
n1(t) = const can not be assumed since the two-photon excitation causes a
significant decrease of the ground state density.
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• Stimulated emission of two photons happens if the illumination of the
investigated atoms with light at the two-photon absorption wavelength
triggers the emission of additional photons via a two-photons transition.
The stimulated emission rate is given by

RSE =
g1

g2
R2PA , (3.20)

where g1 is the statistical weight of the lower state and g2 is the statistical
weight of the upper state.

According to [Sta20], three-photon ionisation, ground state depletion and stim-
ulated two-photon emission can be neglected and the shown approach is valid
if

τLaser ⋅R2PA ≪ 1

and RSE + Γ ≪ A2 +Q. (3.21)

τLaser is the pulse length of the used laser. However, the evaluation of the
involved rates requires knowledge of the spatial and temporal intensity profile of
the used laser system as well as the two-photon excitation and the photoionisation
cross sections for both H and Kr atoms.

Alternatively, the validity of the quadratic dependence can be shown experimen-
tally. To illustrate this, the TALIF photon fraction, i. e. the number of fluorescence
photons created per H atom and laser pulse, is calculated for a laser beam at
given intensity and pulse length. This is done equivalently as in [vdHBM+00] by
solving the differential equations

d
dtnH,n=1(t) = −R2PA(t)nH,n=1(t) +ALy−α nH,n=2(t) +RSE(t))nH,n=3(t)

d
dtnH,n=2(t) = −ALy−α nH,n=2(t) +ABal−α nH,n=3(t) and
d
dtnH,n=3(t) = R2PA(t)nH,n=1(t) − [ABal−α − Γ(t) −RSE(t)] nH,n=3(t)

for the time traces of nH,n=1, nH,n=2 and nH,n=3. ALy−α and ABal−α are the Einstein
coefficients for the Lyman-α (n = 2 Ð→ n = 1) and Balmer-α (n = 3 Ð→ n = 2)
transitions respectively. For two-photon absorption, only the excitation into the
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Figure 3.4: Simulation of the emitted photon fraction as a function of laser
intensity for fixed H atom temperature and laser pulse width.

3d states is considered, which decay into the 2p states. Thus ABal−α = 6.47×107 s−1

and ALy−α = 6.26 × 107 s−1 for the decay of 2p atoms [NIST]. The temporal laser
profile is assumed to be rectangular with a pulse width of 6 ns. The laser is
spectrally located at the absorption line center and its line profile is assumed to
be Gaussian with a FWHM of 0.6pm which is the value which is given by the
manufacturer of the laser used in this work. For the calculation of the two-photon
absorption line profile, it is assumed that the H atom temperature is 650K whereas
natural line broadening is neglected. The photon fraction Nγ is then calculated
via

Nγ = ABal−α ⋅

∞

∫
0

nH,n=3(t)

nH,n=1(0)
dt . (3.22)

The differential equations are numerically solved by using the classic Runge-
Kutta method under the starting conditions nH,n=1(0) = 1 and nH,n=2(0) =

nH,n=3(0) = 0 in arbitrary units. Figure 3.4 shows calculated values of Nγ as
a function of the used laser intensity. Here, two calculations are shown whereas
three-photon ionisation is either included or not included in the differential equa-
tions. In the bottom right corner, nH,n=3(t) relative to nH,n=1(0) is shown as an
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example. For low laser intensity, Nγ is proportional to I2 and nH,n=3(t) follows
equation (3.5). The I region at which this holds is called the quadratic regime.
For increasing I, Nγ reaches a plateau and drops for I ≥ 109 Wcm−2. The high
intensity behaviour of Nγ is predominantly caused by three-photon ionisation
which is apparent from the difference between the two performed calculations.
At even higher laser intensity, also the ground state depletion causes a deviation
of Nγ from the quadratic behaviour. Consequently, the quadratic regime of the
TALIF signal needs to be verified in the experiment. This can be done by plotting
TALIF signals as a function of the laser energy per pulse.

3.4.3 Laser induced H atom production

Another possible perturbation of the TALIF signal by the laser beam itself is
the additional production of H atoms via the photodissociation of other plasma
species. This process corrupts the TALIF signal by increasing the photon fraction
artificially. In this way, an overestimation of the TALIF signal by an order of
magnitude is possible [Sta20].
The energy of 205 nm photons is 6.05 eV which is in principle higher than the

binding energy of H2 molecules of 4.5 eV. However, according to chapter 2.2.2,
purely rotational or vibrational excitation of H2 molecules is not possible such
that ground state molecules can’t be excited into the vibrational. This means that
photodissociation could only happen via the excitation of ground state molecules
into the anti-bonding b3Σ+u state. Consulting figure 2.2, a photon energy exceeding
10 eV would be necessary for this following the Franck-Condon principle which
assumes no change of the internuclear distance during an electronic transition.
Therefore, excitation into the anti-bonding b3Σ+u state is also omitted. Exper-
imentally, photodissociation of H2 was observed neither in neutral gas nor in
plasmas [BMB+02]. Other plasma species which might cause laser induced en-
hancement of the H atom density are H+

2 [Arg74], H+

3 [UDM+19] and H− [BHB+79].
However, in LPLT plasmas, the corresponding ion density is commonly much
lower than nH such that the distortion of the TALIF signal originating from these
species can be ignored even for complete dissociation or photodetachment.
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4 Towards the installation of
TALIF at BATMAN Upgrade

4.1 Challenges for the installation

In order to install a TALIF system at the BATMAN Upgrade teststand, several
considerations have to be made as both the teststand and the diagnostic itself are
sophisticated and delicate devices. In addition, the teststand offers only limited
access close to the PG where a measurement of nH and the H atom VDF is desired.
Out of simplicity, it would be therefore beneficial to install the laser close to
the ion source in order to minimize the effort of guiding the laser beam into the
teststand. However, there are mainly three considerations which speak against
this:

1. The space close to the teststand is very limited such that an optical table
which is necessary for the laser system does not fit into the area around the
teststand. This area is enclosed due to high voltage safety.

2. During beam operation, the ion source of the teststand is kept at negative
high voltage (−45 kV). Either, the whole laser system needs to be kept on
the high voltage potential as well or the safety distance between the ion
source and the laser needs to be kept while care has to be taken on the
grounding of the laser components. Both options have the risk of arcs
between parts on differing potential. Firstly, these include a high current
which causes the heating of the involved components. Thermal stability of
the laser medium is a key parameter of the stability of both energy per laser
pulse and laser wavelength such that this should be avoided. Local heating
of these components could also lead to thermal stress in optic holders which
might damage the corresponding optic. Secondly, the laser dye is solved in
ethanol which raises the risk of fire if arcs occur close to the ethanol tanks.
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3. The ion source is operated with high RF power (up to 90 kW). The RF
current in the antenna could cause RF radiation around the ion source which
might disturb the data transfer between the laser system an the PC which is
used for remote handling and the internal control of the laser. In the worst
case, both could lead to damages of the laser system.

Because of these reasons and the general complexity of the diagnostic itself,
TALIF was not yet installed at a H− ion source despite its valuable diagnostic
capabilities. In order to overcome this, it was decided to install the laser system
further away from the teststand in a distance of 12m on a different level of the
building. This, however, raises the challenge of the laser beam transfer between
the laser system and the ion source. At such a distance, even a change of the
beam angle of only 0.1 ° would lead to a displacement of 2 cm which is enough to
travel out of the sight cone of the fluorescence photon detector. Therefore, the use
of optical fibre which guides the laser beam to BATMAN Upgrade would be the
preferred solution. However, it was found that the focussed laser beam damages
the fibre end, which limits the coupling of the laser into the fibre to below 1 %.
In addition, quartz fibre attenuates light at 205 nm such that roughly 95 % of
the light would be absorbed over the course of the 12m distance even for perfect
coupling into the fibre. Therefore, a laser beamline needs to be constructed which
uses guiding mirrors.
Another point of the considerations is the first setup and construction of the

complex diagnostic from scratch. For this, the installation at a continuously
operating plasma source and direct access to all components is beneficial in order
to optimize each single component for signal quality. With this, changes in the
setup result in direct feedback which is necessary for optimization. The teststand
exhibits several considerations omitting such a procedure. Firstly, BATMAN
Upgrade is operated in pulsed mode with breaks on the order of several minutes
between the plasma pulses. Secondly, the optimization is time consuming since
TALIF measurements at BATMAN Upgrade require a dedicated experimental
campaign. On the other hand, the experimental time at BATMAN Upgrade is
limited due to the tight experimental schedule. Lastly, the access to the experiment
during operation is restricted due to safety measures such that the optics close
to the experiment can not be optimized during plasma operation. Therefore, a
simple plasma experiment is built with the aim of gaining experience with the
diagnostic in a controlled environment. In a second step, the experience is utilised
in order to install the TALIF system at BATMAN Upgrade such that the optics
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Figure 4.1: Laser system used for the generation of the 205 nm photons. THG:
third harmonic generation. Figure after [Sir19].

can be adjusted for sufficient signal quality even without access during plasma
operation.

4.2 The optical system

The laser system

The core of the TALIF system is the pulsed UV laser system which is used for
the two-photon excitation. It is depicted in figure 4.1 and consists of three stages,
which are the pump source, a dye laser and a third harmonic generation unit
(THG). The operation principle of the laser system is shortly introduced. For a
more general treatment of lasers and non-linear optics, refer to [Dem07, Rei04]
The pump source is a Q-switched diode-laser pumped Nd:YAG laser (Innolas:

SpitLight Compact DPSS 100) which produces laser pulses at 1064 nm. Its pulse
length is 6 ns with a repetition rate of 100Hz and the total energy per pulse is
specified at 110mJ [Inn17]. The laser itself consists of two end mirrors forming the
oscillator, a Nd:YAG1 crystal as laser medium and a Pockels cell in combination
with a polarizer which act as Q-switch. The latter components are all located
between the two mirrors. In shut mode of the Q-switch, the birefringence of the
Pockels cell causes a change of the polarization angle of passing light such that
the combination of Pockels cell and polarizer cause significant round trip losses in
the oscillator which greatly reduces the quality factor (Q-factor) of the resonator.

1neodymium-doped yttrium aluminium garnet, Nd:Y3Al5O12
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In this way, lasing is prevented even if a population inversion is present in the
Nd:YAG crystal. The lasing is enabled by applying a voltage to the Pockels cell
which changes its birefringence in such a way that the combination of Pockels
cell and polarizer cause no losses any more restoring the Q-factor to its high
value [Rei04]. With this mechanism, the emission of laser light can be timed with
very high precision and the power of the laser during the pulse is large. The
population inversion is generated with pulsed laser diodes which are attached to
the Nd:YAG crystal.
A LBO2 crystal is attached to the Nd:YAG laser output in order to perform

second harmonic generation or frequency doubling of the 1064 nm light. In this
process, the susceptibility of the crystal which depends non-linearly on the electric
field of the laser beam causes the generation of photons at half the fundamental
wavelength [Rei04]. The used system is able to deliver up to 70mJ per laser pulse
at 532 nm with a beam diameter between 3mm and 4mm which was coarsely
measured with burn paper. The 1064 nm beam is dumped such that only light at
532 nm leaves the laser head. This beam is widened by using two lenses acting
as a telescope and fed into the dye laser in order to act as its pump source. The
Nd:YAG laser head is actively water cooled with a chiller that is integrated in the
laser power supply.
The tunable dye laser (Sirah Lasertechnik: Cobra Stretch) consists of three

stages, the oscillator, the pre-amplifier and the main amplifier. The central parts
of these stages are two rectangular dye cells which contain a solution of the laser
dye DCM3 in ethanol. For the oscillator and the pre-amplifier, a concentration
of 0.3 g/l is used whereas the main amplifier cell is operated with 0.1 g/l. These
solutions are circulated through the dye cells continuously and actively cooled
with cooling water. The pump beam is guided and focussed onto narrow regions
of the dye cells by using an arrangement of mirrors, beam splitters and cylindrical
lenses. In these regions, a local population inversion is caused in the dye solution
by the absorption of the pump laser by the dye molecules. The oscillator dye cell
is illuminated at two positions serving both as laser medium and pre-amplification
stage. The laser oscillator is built around the oscillator dye cell and consists of
two end mirrors and a grating (2400 grooves/mm) between the mirrors, whereas
the grating is used as a wavelength selective element. Tilting of the grating can
be used in order to change the selected wavelength as the deflection angle of

2Lithium triborate, LiB3O5
3For details, refer to [Exc22]
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the grating is strongly wavelength dependent. In this way, a laser beam with a
wavelength between 606 nm and 627 nm4 with a spectral bandwidth of 1.8pm is
generated. The beam is reflected back onto the first dye cell at the pre-amplifier
position which causes amplification of the laser beam due to laser induced emission
of photons. In an additional stage, the pre-amplified beam is guided onto the
second dye cell which again causes amplification due to laser induced emission.
This results in roughly 20mJ per laser pulse.

The amplified beam is guided into the third stage of the laser system which is
the THG unit. The 615 nm beam illuminates a BBO5 crystal in order to produce
its second harmonic at 307 nm.6 The 307 nm beam and the remaining 615 nm
beam are guided onto another BBO crystal in order to mix the two frequencies.
Frequency mixing of two laser beams of unequal wavelengths λ1 and λ2 is another
effect caused by the the non-linear susceptibility of the BBO crystal and results
in photons at a wavelength λ3 which satisfies [Rei04]

1
λ1

+
1
λ2

=
1
λ3
. (4.1)

This results into the desired laser beam at 205 nm. However, for the frequency
doubling and frequency mixing to be efficient, the phase matching condition needs
to be fulfilled. This means that the wave vectors of the incident and produced
beams need to satisfy the relation

kλ1 + kλ2 = kλ3 , (4.2)

where kλ1 and kλ2 refer to the incident beams and kλ3 refers to the frequency
doubled/mixed beam. In case of frequency doubling, kλ1 = kλ2 . This relation is
not fulfilled in general as the refractive index of BBO is wavelength dependent and
the crystal is birefringent. In order to fulfil the phase matching relation, both BBO
crystals are attached to step motors which alter the angle between the crystal
optical axis and the laser beam in such a way that the phase matching relation is
fulfilled which reflects in maximum energy per pulse of the produced beam. When
changing the fundamental wavelength, the incident angles have to be adjusted
due to the wavelength dependence of the refractive index. This is implemented
and automatized within the laser operation software. Ultimately, 205 nm laser
pulses at over 1mJ per pulse can be produced with this system. However, it was

4For simplicity, it is referred to as 615 nm laser beam in the following.
5Barium borate, Ba(BO2)2
6Meaning between 303 nm and 314 nm
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found that such high UV energies lead to localized heating within the frequency
mixing crystal as light at this wavelength is absorbed slightly by BBO. This
results in a loss of phase matching. Therefore, during the measurements shown
in this work, the pump laser is operated at lower energy per pulse such that the
UV output is kept at 600µJ per pulse. In addition, the crystals are heated and
stabilized at a temperature of 60 °C in order to increase the stability of the phase
matching. The whole laser system needs a warm up time of around 1 h in order
for the output energy per pulse to be stable. In this time, the temperatures of the
internal components and the dyes equilibrate. In this state, the spread of energies
was measured to be below 10 % whereas the UV beam profile was observed to
be elliptical in the vertical direction with diameters of roughly 5mm × 3mm.
Ordinary plain paper is used to observe the UV laser as it causes fluorescence on
the paper. The accessible wavelength range of the UV output is between 202 nm
and 209 nm. Within the laser setup, the laser beams at 615 nm and 307 nm are
filtered out via an arrangement of four dichroic mirrors which exclusively reflect
light at 205 nm while the other components pass the mirrors onto beam dumps.

Optical arrangement

The laser system is mounted on an optical table together with additional optics
which are necessary for the TALIF diagnostic. The optical arrangement is depicted
in figure 4.2. The laser beam is deflected by using dielectrically coated mirrors
(Laseroptik GmbH ) which have an experimentally determined reflectivity of 97 %
for an incident angle of 45°. The reflectivity decreases strongly for other angles
such that they can only be used for deflections of 90°. Different deflection angles
are achieved by using right angle prisms (Thorlabs).

After the laser exit, the 205 nm laser beam is guided onto a variable attenuator
which consists of a λ

2 plate (Artifex Engineering) followed by a Rochon polarizer
(Edmund Optics). If linearly polarized light is guided onto a λ

2 plate, it introduces
a phase shift of π between the two polarization components parallel and orthogonal
to the crystal optical axis of the λ

2 plate. This causes a rotation of the polarization
axis of the incident light which can be controlled by rotating the λ

2 plate around
the optical axis. The Rochon polarizer consists of two connected birefringent MgF2

crystals which are shaped and oriented in such a way that vertically polarized
light passes the optic unaffected while horizontally polarized light is deflected with
a slight angle of ∼ 1.5°. In combination, the ratio of the vertically and horizontally
polarized light is altered by the λ

2 plate which regulates the amount of light
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Figure 4.2: Arrangement of the laser system in combination with the other optical
components.

unaffected by the Rochon polarizer. The vertical components is used for TALIF
while the deviated light is guided into a beam dump. With this, the laser output
can be attenuated from 72 % to below 5 % without changing operation parameters
of the laser which is beneficial for the pulse-to-pulse stability of the laser system.
The maximum transmission is limited as the optics are not anti-reflection coated
such that this loss is inevitable. The λ

2 plate is mounted in a motorized optic
holder (Thorlabs: SM1 Optics Rotator Kit) such that the rotation angle can be
remotely controlled with high precision.

An UV fused silica window (Thorlabs: WG41050) is used as beam splitter. Its
transmission is specified to be ∼ 90 % such that around 5 % of the laser beam
are reflected by the fused silica surface. That share of the light is guided onto a
photodiode (Alphalas GmbH ) in order to measure the time resolved laser intensity
which is necessary to normalize the TALIF signal according to equation (3.8).
For this it is assumed that the average laser intensity within the volume that is
observed by the fluorescence collection optics is proportional to the measured
photodiode current. A diffusor (Thorlabs: DGUV10-220) is used in order to
protect the photodiode from overexposure. The diode has a bandwidth of > 1GHz
and is connected parallel to a 50Ω resistor to an oscilloscope (LeCroy: LT264)
with a bandwidth of 350MHz. The oscilloscope measures the voltage across the
resistor. With this combination, it is possible to resolve the laser pulse shape
(length: several ns) to a satisfying degree. The main beam is guided towards the
experiment.
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Figure 4.3: Photograph of the laser inside the laser safety enclosure.

Laser enclosure

As the laser is located in the BATMAN Upgrade operation hall, the whole hall
needs to be closed if the laser is operated openly due to laser safety regulations.
This is connected with considerable effort and interferes with the regular operation
of the teststand. This is why the whole optical system is completely enclosed by
a box made of stainless steel. A photograph of the construction can be seen in
figure 4.3. The system could be accessed with doors which are connected with the
interlock system of the Nd:YAG laser such that the laser stops operation as soon
as one of the doors opens.

Laser operation

The Nd:YAG laser is operated with a computer program provided by the manu-
facturer which controls the pumping diodes, the Q-switch and the water cooling.
The energy per pulse can be altered by changing the time delay between the
pump laser diodes and the Q-switch. Another computer program is used in order
to operate the dye laser and the THG unit. With this, the wavelength of the
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laser system and the phase matching can be controlled manually. The wavelength
setting of the laser was calibrated before delivery such that its specified value
is used for the line profile measurements in this work. In addition, LabVIEW
routines are available to implement the dye laser control in home made programs.
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5 TALIF characterization and
results at ALFRED

5.1 The small scale experiment ALFRED

The TALIF system is first set up and characterized at the small scale experiment
ALFRED (Another Planar radio frequency discharge). ALFRED is designed as
ICP without Faraday shield and was constructed in the course of this work as a
simple plasma experiment with easy access for diagnostics. It is based on the two
similar plasma experiments ACCesS [FF14, HFF22] and PlanICE [MFB+21] which
have the same geometry and operate within the same pressure and RF power
range such that comparable plasma parameters are expected. ALFRED is built
close to the laser system such that the laser can be used both for ALFRED and
BATMAN Upgrade at the same position. A CAD explosion graph of ALFRED
is depicted in figure 5.1. The plasma vessel is made of stainless steel and has a
diameter of 153mm and a height of 100mm. The top and bottom end of the vessel
are equipped with ISO-K DN 160 flanges and the bottom plate is a ISO-K DN
160 blind flange. In order to allow access to the plasma, eight tubes (4 × 28mm
diameter, 4 × 44.5mm diameter) are attached to the vessel which are terminated
with four ISO-KF DN 40 flanges at the larger and four ISO-KF DN 25 flanges at
the smaller tubes. Quartz windows with a diameter of 40mm are attached to the
ISO-KF DN 25 flanges for optical diagnostics. The top plate is a Al2O3 ceramic
plate with a diameter of 170mm and a thickness of 5mm. Al2O3 was chosen as
it blocks the 205 nm laser light and therefore ensures laser safety. For this, the
setup needs to be light-tight in general.
A vacuum pump system is connected to one of the ISO-KF DN 40 flanges.

It consists of a rotary vane pump and a turbomolecular pump (pumping rate:
110 l/s) from the manufacturer Pfeiffer. This results in a background pressure on
the order of 5 × 10−7 mbar. The gas inlet is located on the opposite side of the
vessel at another ISO-KF DN 40 flange. Two calibrated mass flow controllers are
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Figure 5.1: CAD explosion graph of the small scale experiment ALFRED. CAD
created by Andreas Oberpriller.

attached to the gas inlet where one supplies Kr of He gas whereas the other is
connected either to a H2 or D2 gas bottle. The gas pressure in the vessel can be
controlled via a manual gate valve which is located between the plasma vessel
and the vacuum pumps. For measuring the pressure, two pressure gauges are
attached to the vessel. A combined cold cathode/pirani vacuum meter (Leybold:
PENNINGVAC PTR 90 N) with a broad accessible pressure range is used in
order to determine the background pressure whereas a capacitive pressure gauge
(Pfeiffer: CMR375) is used to give a more exact value during plasma operation.
The vessel is cooled with cooling water in order to prevent the sealing rings from
melting. For this, copper tubes are attached to the bottom plate and the two
ISO-K DN 160 flanges at the top and the bottom of the plasma vessel.
The plasma is generated with the aid of a planar coil which is located above

the Al2O3 plate and has 2.75 windings. It consists of a copper tube which is
enclosed with plastic in order to ensure insulation between the windings. The
coil is connected to an RF generator which operates at 13.56MHz and has a
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maximum output power of 600W. Two tunable capacitors (C ∈ [10pF,300pF])
between RF generator and coil are used to match the impedance of the coil and
the plasma to the generator impedance (50Ω) in order to prevent the RF power
from being reflected back into the RF generator. The capacitors are arranged
in the γ-type configuration. A Faraday shield is not used for the experiment in
order to increase the coupling efficiency of the RF power to the plasma. In order
to ensure inductive coupling, the forwarded RF power is increased during the
startup phase of the experiment until the plasma operation jumps from the CCP
mode into the ICP mode which is accompanied by a sudden increase in radiation
due to the higher ne value in inductive coupling mode.
In this work, the experiment is operated at pressures between 10Pa and 2Pa

at RF output powers below 430W. In this range, the electron temperature is
observed to be above 2 eV for all operation parameters such that the plasmas
operated in ALFRED are ionizing.

5.1.1 TALIF implementation

Laser connection to ALFRED

Figure 5.2 shows the beam path of the laser in ALFRED. It is focussed into
the plasma vessel with a UV fused silica lens with a specified focal length of
500mm (Thorlabs). At λ = 205nm, the focal length was measured to be shorter
at ∼ 430mm and the lens is positioned in such a way that the focal point is in the
center of the vessel. This is the position with the highest laser intensity such that
it is chosen as observation volume for the fluorescence. For this, a lens system
consisting of two achromatic lenses (Edmund Optics) is mounted to one of the
ISO-KF DN 25 flanges. The close achromatic lens has a focal length of 175mm
and is mounted such that its focal point coincides with the laser focus. In that way,
the acceptance solid angle for the fluorescence photons is maximized. The second
achromatic lens has a focal length of 85mm and is used to focus the fluorescence
light onto a fibre (diameter: 1mm) which is connected to a photomultiplier (PMT).
Between the two lenses, a band pass filter can be inserted in order to filter the
fluorescence radiation against any background radiation. For the Kr fluorescence,
a filter at 830nm± 10nm (Thorlabs: FL830-10) is used and for the H fluorescence
the used filter transmits at 650nm ± 40nm (Thorlabs: FB650-40).

The PMT (Hamamatsu: H11706-20) is used in order to observe the fluorescence
radiation timely resolved. For this it is connected in parallel to a 50Ω resistor to
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Figure 5.2: Beam path of the laser inside ALFRED and arrangement of the
fluorescence optics. CAD created by Andreas Oberpriller.

the oscilloscope. The PMT has a specified rise time of 0.57ns which translates
to a bandwidth of roughly 600MHz [Tho18]. The gain of the PMT (i. e. the
proportionality constant between incident radiative power and PMT output
current) is variable over almost three orders of magnitude. Its maximum average
output current is 100 µA such that the average voltage measured at the oscilloscope
must not be larger than 5mV in order to prevent saturation of the PMT. In the
case of the Hα background radiation during H2 plasma operation, this is ensured
by setting the gain to a value where this condition is met.

TALIF signal acquisition and evaluation

The principle of the signal acquisition and processing for the TALIF measurements
is shown schematically in figure 5.3. Using the oscilloscope the waveforms of the
photodiode UPD(t) and the PMT signal UPMT(t) are acquired. The oscilloscope
is triggered to a trigger signal provided by the Nd:YAG laser power supply
which occurs 200 ns before the laser pulse. Both waveforms are acquired for 300
consecutive laser pulses and an average over all acquisitions is taken. Afterwards,
the present offsets are subtracted for both averaged waveforms.
Figure 5.4 shows two acquired signals of the PMT (upper graph) and the

photodiode (lower graph) after performing offset correction. Here, TALIF was
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Figure 5.3: Concept of the acquisition and processing of the PMT and photodiode
data for the TALIF diagnostic. Full lines denote waveforms while dashed dotted
lines denote scalars. PD: photodiode, PMT: photomultiplier.

performed on a H2 plasma in ALFRED at a pressure of 10Pa and 370W of applied
generator power while the laser was operated at 205.08527nm. An exponential
decay function was fitted to UPMT(t) revealing a decay time of 14.1 ns1. The decay
behaviour of UPMT(t) is described very well by the expected exponential decay
function which reinforces the choice of the used hardware and the acquisition
procedure for the PMT voltage. UPD(t) reveals a FWHM of the laser pulse of
6.3 ns which matches very well with the specification of the laser manufacturer of
6 ns considering the elongation of the signal caused by the finite bandwidth of the
photodiode and the oscilloscope. In the waveform, oscillations are apparent at
225 ns and 250 ns. These are probably caused by oscillations inside the acquisition
circuit of the photodiode due to the fast voltage ramp up due to the laser. In order
not to corrupt the measurement, the integration of [UPD(t)]

2 is performed in the
interval [tmax − 10ns , tmax + 10ns], where tmax is the time point of the maximum
value of UPD.

The photodiode waveform is squared and numerically integrated over time. The
result of this treatment corresponds to ∫

∞

0 ⟨I(t)⟩
2 dt in equation (3.8). UPMT(t)

is divided by this value which forms the intensity calibrated PMT voltage. Fitting
an exponential function to this resulting waveform yields the decay time τdec of
the excited state. The TALIF signal corresponding to STALIF(λ) in equation (3.8)
is formed via

STALIF(λ) = ∫ [
UPMT(t)

∫
∞

0 (UPD(t))2 dt
] dt , (5.1)

1The H atoms decay time as a function of operation parameters is further discussed in
chapter 5.2.3
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Figure 5.4: Acquired waveforms from the photodiode and the PMT after taking
the average of 300 waveforms and performing the offset correction. PD: photodiode,
PMT: photomultiplier.

where the numerical integration is performed over the whole waveform. This
procedure is repeated for multiple wavelengths in order to capture the full two-
photon absorption line profile. For TALIF on H, the step size between two
consecutive wavelength values is 0.4pm while for TALIF on Kr, the step size
is 0.2pm. With these, a sufficient resolution of the two line profiles can be
achieved. For the acquisition of one H atom line profile, 41 wavelength steps are
necessary while 51 steps are required for one Kr profile. The signal acquisition
and wavelength change is fully automatized within a LabVIEW program which
was developed for this work. For the evaluation, a python script is used. The
acquisition of one hydrogen line profile takes roughly 5 minutes and is mainly
limited by the duration of the wavelength change of the laser and the connectivity
between the used PC and the oscilloscope.
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5.1.2 Additional diagnostics

Optical emission spectroscopy

OES is applied to ALFRED as outlined in chapter 2.4 by measuring the emissivities
of the Balmer lines α to ε as well as the Q branch of the diagonal transitions of
the Fulcher-α band. From these, the plasma parameters Tgas, ne, Te and nH are
determined. In order to determine the role of photon re-absorption concerning
the evaluation of the emission data with the CR model, both optically thin and
optically thick datasets are used for this. The obtained values of ne and Te are
used to give context to the TALIF measurement while the resulting nH from OES
is explicitly compared to the TALIF results. As the recorded emissivities are
line of sight averaged values, also the resulting ne, Te and nH should be treated
as such. ne and Te generally exhibit a considerable local variation due to the
presence of the sheath. H atoms recombine predominantly at the vessel wall such
that their average lifetime is given by the time scale of diffusion allowing them to
distribute evenly among the whole plasma volume. The nH values as obtained
by TALIF and OES can thus be compared. The application of the CR model is
not part of this work but has been carried out by [Bri22]. The temperature TH
obtained with TALIF is compared to Tgas obtained by OES. As the latter reflects
the ground state rotational population of H2 molecules, it is denoted as molecular
temperature TH2 in the following.

The used spectrometer is a high resolution spectrometer (Princeton Instruments:
Acton SpectraPro SP-2750). It is equipped with a reflection grating with 1800
grooves/mm, has a focal length of 0.75m and its apparatus profile has a FWHM
of 15 pm at 600 nm. A CCD camera is connected to the spectrometer in order
to record the spectra. The light from the plasma is collected with an optical
fibre which is on the one side connected to the entrance of the spectrometer and
the other side is connected to a lens head which is attached to ALFRED. The
viewing cylinder of the spectrometer has a diameter of roughly 5mm and is slightly
diverging towards larger distance. Figure 5.5 shows the location of the LOS in
ALFRED. The lens head is attached on the opposite side of the fluorescence
collection optics such that the LOS crosses the experiment horizontally through
its symmetry axis. The system is calibrated for the Balmer lines α (at 656 nm) to
ε (at 397 nm), between 600 nm and 636 nm for the Fulcher transition and between
805 nm and 860 nm for observing a Kr plasma. The obtained emissivities are
associated with a relative error of ±10 %.
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Figure 5.5: Lines of sight of the OES, fluorescence collection optics and beam
path of the laser used for TALIF. CAD created by Andreas Oberpriller.

Coupling efficiency

The power Pplasma which is coupled to the plasma is generally not equal to the
power Pgen which is supplied by the RF generator. This is due to ohmic losses
within the electric lines and the RF coil as well as induced eddy currents in the
vicinity of the RF coil. The share of RF power which is eventually coupled to the
plasma is devoted as coupling efficiency η and is calculated via [Hop94]

η =
Pplasma

Pgen
=
Pgen −

1
2 I

2
0Rnet

Pgen
. (5.2)

I0 is the amplitude of the current through the RF antenna and Rnet is the
network resistance which represents the sum of all ohmic losses in the RF network.
In order to determine η, all of these parameters need to be measured. Pgen is
measured by the internal electronics of the RF generator and I0 is determined
with a Rogowski coil positioned around one of the lines connected with the
RF coil during plasma operation. Rnet is determined while there is no running
plasma discharge which is suppressed by stopping gas feeding to the vessel. In
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this configuration, a low RF power is applied from the RF generator and the
generated I0 is measured. This is repeated for various power values. The network
resistance can be determined by plotting the supplied RF power as a function of
1
2 I

2
0 and performing linear regression on the data. Rnet is given by the slope of

this fit [BZRF22]. For ALFRED, the measured Rnet value is about 0.19Ω.
This method generally overestimates the losses due to eddy currents as the

screening effect of the plasma is not present during the determination of Rnet.
This means that the determined coupling efficiency can be understood as a lower
limit. Hereafter, the stated power values are to be understood as power coupled
to the plasma if not specifically stated otherwise. Typical values of the coupling
efficiency at ALFRED range between 70 % and 82 %.

5.2 Characterization of the TALIF system

The TALIF system was purchased and assembled newly in the course of this
work. Thus, a characterization of the system is necessary which is also used
for optimizing the implementation of TALIF at BATMAN Upgrade. For this,
the fluorescence collection system is investigated as well as exemplary TALIF
measurements at H and Kr are shown. Finally, measurement errors are assigned
to the determined properties.

5.2.1 Calibration of the fluorescence collection optics

Equation (3.9) gives the expression for the calculation of nH from recorded TALIF
signals. The part of that expression which depends on the fluorescence collection
system are the ratios of the transmissions of the fluorescence detection system TKr

and TH as well as the detector sensitivities ξKr and ξH evaluated at the wavelengths
of the H atom and Kr fluorescence transitions.
The fluorescence collection system consists of the window which limits the

plasma vessel, the lens system consisting of two achromatic lenses, the band pass
filters, the optical fibre and the PMT. For the transmission of the collection system,
the first four parts are relevant. The vacuum window is made of fused silica and
the transmission is specified in its data sheet [Qio22] to be equal at the two
wavelengths of the H and Kr fluorescence, 656.3 nm and 826.3 nm. The same holds
for the achromatic lenses, which are specified in [Edm22]. The optical fibre has a
specified attenuation of 3 dB/km at 656.3 nm and 12 dB/km at 826.3 nm [Tho22].
At a fibre length of 5m, this translates to a transmission of 99.7 % and 98.6 %
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Figure 5.6: Measured transmission of the two spectral filters used for the mea-
surement of the fluorescence radiation.

respectively. The spectral filters were calibrated with a Ulbricht sphere. For
this the emission of the Ulbricht sphere is measured with a survey spectrometer
(Plasus: SA Series) with and without the filters being inserted in the optical path.
The transmission of one filter is given by dividing the spectrum obtained with
the filter being inserted by the spectrum obtained without the filter. The result
of this is shown in figure 5.6 for the two employed filters. At the wavelengths of
the H and Kr fluorescence, the respective transmissions are 0.78 and 0.67 which
differs significantly from the specified values of 0.68 and 0.52.
With this information, the detection system transmission ratio for the two

wavelengths can be calculated. It is given by

TKr

TH
= 0.85 .

The sensitivity of the PMT is characterized by the quantum efficiency of the
PMT and its gain. Here, the quantum efficiency corresponds to the average
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number of electrons which are generated per impinging photon and the gain is
the total electron amplification factor. As long as the gain is kept constant for a
measurement on hydrogen and the corresponding calibration with krypton only the
quantum efficiency is relevant for the detector sensitivity. The quantum efficiency
is specified by the PMT manufacturer [Ham22] and the ratio of its values at the
two observed wavelengths is ξKr

ξH
= 0.5. However, as seen for the filter transmission

the specified values can deviate significantly for the specific device such that this
ratio is assigned with a high error bar. Therefore, a calibration of the quantum
efficiency ratio is carried out. This is done by observing a krypton and a hydrogen
plasma with the PMT and comparing the measured voltages Ux

PMT (x = H,Kr)
with spectra recorded by the absolute calibrated spectrometer. Ux

PMT is given by

Ux
PMT ∝ εxtot ⋅ ξx , (5.3)

where εxtot is the total plasma emission reaching the PMT. For this, it is assumed
that this emission is originating only from a wavelength interval for that ξx is
constant. In order to ensure this, the spectral filters are inserted in the fluorescence
collection system during the measurements. The ratio of PMT sensitivities is then
given by

ξKr

ξH
=
UKr
PMT

UH
PMT

⋅
εHtot
εKr
tot
. (5.4)

The recorded spectra are depicted in figure 5.7 (a) and (b). In addition, the
transmission of the respective used spectral filters as well as the resulting emission
reaching the PMT is shown. For hydrogen, almost 90 % of the emission reaching
the PMT is originating from the Hα transition whereas for krypton, 85 % of
the radiation originates between 825 and 830 nm. Thus for both investigated
spectra, the emission reaching the PMT is predominantly within a narrow spectral
region. On the other side, the specified quantum efficiency of the PMT varies
on a broader spectral scale [Ham22] of many 100 nm. Therefore, the assumption
described prior is considered to be valid. The total emission reaching the PMT is
εKr
tot = 1.42 × 1021 m−3s−1 for the Kr plasma and εHtot = 3.60 × 1020 m−3s−1.
The oscilloscope was used in order to measure the PMT voltage. The results

are UKr
PMT = 2.53mV and UH

PMT = 2.83mV. Inserting these values into the above
formula yields

ξKr

ξH
= 0.22 . (5.5)
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Figure 5.7: Measured emission and spectrum reaching the PMT from (a) a H2
plasma and (b) a Kr plasma. The transmission of the respective spectral filters is
depicted for both spectra.

This value is considerably smaller than the specified ratio of 0.5 underlining
the necessity of such a calibration. Knowing the ratios of the detection system
transmission and sensitivity, quantitative TALIF measurements are possible.

5.2.2 TALIF on krypton

Krypton line profile

TALIF on krypton is performed in order to calibrate the diagnostic enabling for the
determination of absolute nH values. For this, the line profile of the Kr two-photon
transition is recorded which corresponds to a plot of SKr

TALIF as a function of the
laser wavelength. The TALIF measurements for this were performed at the two
krypton pressures of 1Pa and 10Pa. The resulting normalized line profiles are
depicted in figure 5.8. The measured line profiles are visibly non-Gaussian and
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Figure 5.8: Normalized two-photon absorption line profiles for Kr at the pressures
of 1Pa and 10Pa. For comparison, a Gaussian with a FWHM of

√
2 × 1 pm is

depicted.

exhibit strong features both at their upper and lower edge. These features do not
depend on the pressure within the investigated pressure interval.

According to equation (3.10), this measured profile is given by the double
convolution of the two-photon absorption profile of krypton with the laser line
profile. Taking equation (3.13) yields a FWHM between 0.27pm and 0.28pm of
the Kr line profile arising from Doppler broadening which is considerably smaller
than the width of the measured line profile which is ≳ 1pm. The width of the
structures is therefore dominated by the laser linewidth which is however specified
to be 0.6pm by the manufacturer. A possibility would therefore be that an
energetic shift of the 5p′ [3/2]2 level depending on the isotope could explain the
apparent clearly non-Gaussian structure. This level is the upper level of the probed
two-photon transition. Krypton gas consists of the isotopes 78Kr (0.35 %),80Kr
(2.25 %), 82Kr (11.6 %), 83Kr (11.5 %), 84Kr (57 %) and 86Kr (17.3 %). However,
comparing the 5p′ [3/2]2 energies as specified in [Sal07] for the two isotopes 84Kr
and 86Kr (which make up almost three quarters of the Kr composition on earth)
reveals an energy difference which corresponds to a shift of 0.13 pm in wavelength
of the two-photon transition which is one order of magnitude smaller than the
structure size.
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This leaves the laser itself as the cause of the apparent spectral shape caused by
the presence of multiple laser modes. Multiple laser modes are possible, if the laser
condition is met for multiple wavelengths [Rei04]. These modes are also subject of
inter-mode mixing in the course of the frequency doubling and mixing in the THG
unit such that a non-trivial mode structure results in the laser emission [Sir21].
As the laser line profile is clearly not Gaussian, equation (3.11) can generally

not be applied in order to determine the H atom two-photon absorption line width
∆λH2PA. However, it is possible to estimate the influence of the laser line profile on
the measured H atom line profile based on equation (3.10). For this, a Gaussian
line profile with the FWHM of ∆λ2PA (representing a Doppler broadened H atom
line profile at a set of reasonable temperatures) is convoluted twice with the laser
line profile. The broadening caused by this convolution can be quantified by
fitting another Gaussian to the result yielding the resulting FWHM ∆λ. Putting
these into equation (3.11) and solving for ∆λLaser gives an effective laser linewidth
which accounts for the broadening of the two-photon absorption line due to the
laser line profile. With that, equation (3.11) can be applied despite the laser line
profile not being Gaussian.

As the krypton line profile at room temperature is reasonably narrow compared
to the measured line profile, figure 5.8 represents approximately the convolution
of the laser line profile with itself. The described procedure can therefore be
performed by simply convolving the Gaussian with the profile from figure 5.8.
Doing this yields an effective laser linewidth of ∆λLaser = (1±0.1) pm. In figure 5.8,
a Gaussian with a FWHM of

√
2 × 1pm is depicted representing the expected

profile for a laser with ∆λLaser = 1pm. The factor
√

2 stems from the double
convolution of the laser line profile with itself. Such a Gaussian fits reasonably
well to the observed line profile. Further, the structure of the laser line profile
does not alter the resulting two-photon line profile shape. This is is because the
H atom two-photon line profile for a temperature of 650K is 3.75pm. Using
equation (3.11) gives ∆λ = 4pm which corresponds to a broadening by 7 % such
that the laser line profile is almost negligible compared to the H atom two-photon
line profile. For the evaluation of the H atom temperature, equation (3.11) is
therefore used with ∆λLaser = (1 ± 0.1) pm for the line profile correction.

Scan of the laser energy per pulse

The quadratic regime for krypton can be identified by performing TALIF mea-
surements on krypton while varying the energy per laser pulse. This was done at



5.2 Characterization of the TALIF system 75

0 . 0 5 . 0 x 1 0 - 1 1 1 . 0 x 1 0 - 1 0 1 . 5 x 1 0 - 1 00 . 0

5 . 0 x 1 0 - 1 1

1 . 0 x 1 0 - 1 0

1 . 5 x 1 0 - 1 0

2 . 0 x 1 0 - 1 0

∫ U
PM

T (
t) d

t [V
s]

∫ U 2P D  ( t )  d t  [ V 2 s ]

2 5  µ J

L i n e
a r  f

i t

Figure 5.9: Integrated PMT Voltage from TALIF on krypton as a function of
∫ [UPD(t)]2 dt and a linear fit to the data in the linear regime (grey shaded area).

a Kr pressure of 6Pa and the result is depicted in figure 5.9. This figure shows
the integrated PMT voltage ∫ UPMT(t)dt as a function of ∫ [UPD(t)]2 dt. In the
quadratic regime, the correlation between the two quantities is linear which is
the case for the grey shaded area at low energies below 25 µJ. This is illustrated
by a linear fit to the data points. At high energies, the saturation of the TALIF
signal is apparent. The physical reason of the saturation in the case of TALIF on
krypton is evaluated in [GAP+21] and its reason is attributed to photon-induced
ionisation of the excited atoms. For calibration, the TALIF measurements are
therefore always performed at energies below that value.

Decay time of the fluorescence signal

In order to exclude quenching as a source of uncertainty in the TALIF measure-
ments on krypton, the decay time of the 5p′ [3/2]2 state was measured for the
krypton pressure range between 1Pa and 10Pa, whereas the result is depicted in
figure 5.10. For the whole pressure scan, the energy per laser pulse was kept at
13 µJ. The decay time is constant for the whole investigated pressure range and
very close to the value of τKr = 28.5ns which is specified by [NIST]. Therefore,
quenching of the 5p′ [3/2]2 state is not apparent in the investigated pressure range
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Figure 5.10: Measured life time of the 5p′ [3/2]2 state as a function of Kr pressure
and exemplary normalised PMT signals for the pressures 1Pa and 10Pa.

which validates the calculation in chapter 3.4.1. In addition, figure 5.10 shows two
normalised PMT voltages which exhibit the same shape and can be well described
by a single exponential decay function.

5.2.3 TALIF on hydrogen

H atom line profile

For the determination of nH, the line profile of the two-photon transition is
measured. This is done equivalent to the measurements on krypton by plotting
SH
TALIF against the used laser wavelength. An exemplary line profile measurement

is shown in figure 5.11. Here, a H2 plasma at a pressure of 10Pa and a plasma
power of 300W was investigated. In addition, a Gaussian fit to the TALIF data
points is depicted. The shown profile is wider than the found laser line profile
such that its shape is dominated by the Doppler broadened line profile of the two-
photon transition. Given this, the good match between the fit and the data means
that the H atoms clearly follow a Maxwell-Boltzmann energy distribution. This is
observed for all measured spectra in the investigation at ALFRED. The FWHM
∆λ of the measured profile is determined as a result of the fitting procedure
and has a value of 3.95pm in the shown case. The Doppler FWHM ∆λ2PA is
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Figure 5.11: Two-photon absorption line profile for Hydrogen atoms and a
Gaussian fit to the data.

determined by applying equation (3.11) with the previously examined value of
∆λLaser. Inserting the result into equation (3.13) and solving it for the H atom
temperature TH gives

TH =
⎛

⎝

∆λ2PA,Dop ⋅ c

λ
(2)
0

⎞

⎠

2

⋅
mH

8 ln(2)kB
, (5.6)

which is 650K in the shown case. nH is determined by taking the integral of
the line profile.

Scan of the laser energy per pulse

The quadratic regime for TALIF needs to be determined on hydrogen as well.
Figure 5.12 shows the integrated PMT voltage ∫ UPMT(t)dt as a function of
∫ [UPD(t)]2 dt. The measurement was performed at a H2 plasma at 5Pa and a
plasma power of 275W. The stability of the plasma during the measurement was
checked by observing the plasma with a survey spectrometer. For an energy per
laser pulse below 100µJ, the correlation between the two values is linear such
that the quadratic regime is located in this energy region. In figure 5.12, this is
illustrated by a linear fit to these data points. At higher energy per laser pulse,
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Figure 5.12: Integrated PMT Voltage from TALIF on hydrogen as a function of
∫ [UPD(t)]2 dt and a linear fit to the data in the grey shaded area.

the PMT data deviates from this fit. TALIF is therefore performed at a laser
energy per pulse of 80 µJ for the measurements at ALFRED.

Decay Time of the Fluorescence signal

For TALIF on H atoms, the decay time of the fluorescence signal is of special
relevance since it gives knowledge about the branching ratio which is necessary for
the calculation of the absolute H atom density as it is described in chapter 3.4.1.
In the literature, multiple values for the fluorescence decay time for the same
TALIF scheme have been communicated, which are for example 17.6 ns [NSD01],
10 ns [vdHBM+00, BMB+02] or 20.9ns [BKHMJ88]. These are explained by the
presence or absence of l state mixing. Throughout the measurements conducted
in this work, the measured fluorescence decay times varied between 11 ns and
14 ns. Thus, the presence of state mixing and therefore the branching ratio needs
to be assessed more closely. This is done by plotting the measured fluorescence
decay times throughout this work against the measured H atom density in the
corresponding plasmas which is shown in figure 5.13. The measurements were
performed at H2 plasmas at varying pressure (marked in blue), a mixture of
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Figure 5.13: Measured decay time of the detected H atom fluorescence signal as
a function of the H atom density as determined with TALIF. ICP: inductively
coupled plasma, CCP: capacitively coupled plasma.

H2 and helium as working gas (marked in red)2 and an H2 plasma operated in
capacitive coupling mode (marked in green) exhibiting low ne values and a low
dissociation degree.

From the figure it is apparent, that the fluorescence decay time increases from
11.5ns to above 14 ns with increasing atomic hydrogen density. Such behaviour
has also been observed in the literature [vdHBM+00, Ell20]. In [vdHBM+00], a
cascaded arc plasma has been investigated. Here, the photon re-absorption of
Lyman-β photons is given as the probable reason for this behaviour. They are
emitted by H atoms in the 32P1/2 and 32P3/2 states which are previously populated
via state mixing. The photon re-absorption causes the Lyman-β photons to be
trapped inside the plasma which effectively causes an elongation of the life time
of n = 3 H atoms [Iro79b, Phe58]. This effect is stronger for an increasing density
of ground state hydrogen atoms.
In [Ell20], the transition of a capacitively coupled plasma to an inductively

coupled plasma by increasing the applied RF power at constant pressure yields
an increase of the fluorescence decay time which is similar to figure 5.13. In this

2The results of the two campaigns are shown in more detail in the following chapters 5.4 and 5.3
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case, no state-mixing is assumed and the increase of the fluorescence decay time
is attributed to a lesser influence of collisional quenching when the plasma is in
inductive coupling mode. In that mode, the density of H2 molecules which act as
quenching partner is argued to be smaller. This explanation does not hold for the
data shown in 5.13 since for example the increase of the fluorescence decay time
for the H2 plasma in inductive mode (blue region) was observed for increasing the
pressure from 2Pa to 10Pa at constant power leading to an increasing density of
hydrogen molecules. In contrast, the effect of increased quenching should lower the
fluorescence decay time. This is why quenching is ruled out for the τH behaviour
leaving the explanation given in [vdHBM+00] of photon re-absorption prolonging
τH. Therefore, also perfect l state-mixing is assumed for the evaluation of the H
atom density with the according branching ratio of 0.441.

However, from the presence of photon re-absorption follows inevitably a change
of the branching ratio as it effectively reduces the transition strength of the
Lyman-β transition [Phe58, SCBL02]. This can be visualized by computing the
Hα branching ratio a(Hα) while applying the escape factor method following
equation (2.34) as is done in [Phe58]:

a(Hα) =
gs ⋅AsBal−α + gp ⋅A

p
Bal−α + gd ⋅A

d
Bal−α

gs ⋅AsBal−α + gp ⋅A
p
Bal−α + gd ⋅A

d
Bal−α + gp ⋅A

p
Ly−β ⋅Θ

. (5.7)

Here, gi (i = s, p, d) are the statistical weights of the fine structure states with
l = 0, 1, 2, AiBal−α (i = s, p, d) are the corresponding Einstein coefficients for the Hα

transition, ApLy−β is the Einstein coefficients for the Lyman-β transition and Θ is
the escape factor accounting for the weakening of the Lyman-β transition. The
population of the fine structure states with l = 0,1,2 is assumed to follow their
statistical weights due to perfect state-mixing. In the extreme case of complete
radiation trapping (i. e. nH →∞ and therefore Θ→ 0), the branching ratio of the
Hα transition is 1. The corresponding expected fluorescence decay time is 22.7 ns.
These numbers correspond to the case when disregarding the Lyman-β transition,
thus only considering the Hα transition for radiative decay. For declining influence
of photon re-absorption, the value of Θ rises and approaches 1 causing a decrease of
a(Hα). In the other extreme of photon re-absorption not at all playing a role (i. e.
nH → 0 and therefore Θ→ 1), a branching ratio of 0.441 with the corresponding
fluorescence decay time of 10 ns is expected.

The value of Θ in the experiment could be assessed by solving the Holstein-
Biberman equation [MO99]. This integro-differential equation takes the three-
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dimensional shape of the excitation region, the geometry of the plasma experiment
as well as the spatial distribution of ground state H atoms into account. For
these, not all data is available such that calculations rely on assumptions and the
non-trivial geometry makes them computationally very expensive such that this
treatment is not carried out in this work. As the measured fluorescence decay
times are closer to the optically thin case (τH = 10ns), a branching ratio of 0.441
is used for the nH calculation throughout this work. However, it should be noted,
that the true branching ratio is likely to be higher, such that the shown nH values
correspond to an upper limit of the density.

5.2.4 Measurement uncertainty

In order to assess the uncertainty of the nH measurement, each term in equa-
tion (3.9) needs to be evaluated individually. Generally, two kinds of errors can
be distinguished: the systematic error which emerges from the parameters at a
fixed value and the random error which emerges from the quantities which are
determined individually for each measurement. Therefore, the two errors are
assigned with two separate error bars. For both kinds, the overall error bars
are computed by following the Gaussian error propagation. The following error
sources are considered for the systematic error bar:

• The transmissions of the band pass filters were determined in chapter 5.2.1
with an Ulbricht sphere and a survey spectrometer. The determined values
are assigned with a relative uncertainty of ±10 %.

• The ratio ξKr
ξH

of the PMT quantum efficiencies was also determined in chap-
ter 5.2.1 after equation (5.4). Therefore, its total uncertainty emerges from
the uncertainties of the single quantities. The resolution of the oscilloscope
is 0.03mV such that this value is used as ∆U for the measured voltages.
The total emission of the plasma reaching the PMT is the product of the
plasma emission as determined with the spectrometer and the transmission
of the fluorescence collection optics. Both values are assigned with an uncer-
tainty of ±10 % such that the relative emission uncertainty is 14 % following
Gaussian error propagation. Thus, the relative uncertainty of ξKr

ξH
is ±20 %.

• The relative uncertainty of σ
(2)
Kr

σ
(2)
H

is ±50 % according to [NSD01].
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In total, this corresponds to a total uncertainty of ∆nH,sys
nH

= 55 % accounting

for the systematic error which consists mainly on the uncertainty of σ
(2)
Kr

σ
(2)
H
. The

systematic uncertainty has no influence on the relative behaviour of the displayed
data points.
The random uncertainty consists of the following sources:

• The density of krypton atoms for calibration is deduced via the ideal gas law
from the pressure measured with the capacitive pressure gauge under the
assumption of the gas being at room temperature. This temperature is at
20 °C and varies within ± 3 °C within a day. The pressure gauge uncertainty
is specified to be ±0.15 %. The uncertainty ∆nKr is therefore ±1 %.

• For TALIF on hydrogen atoms, the spectral integration of SH
TALIF(λ) is

carried out by fitting a Gaussian function to the line profile. The uncertainty
of the integral is a direct result of the performed fitting routine. On average,
a relative uncertainty of 10 % is obtained from this.

• For TALIF on krypton, the spectral integration of SKr
TALIF(λ) is performed

numerically from the obtained data points. The uncertainty of the integral
was determined by performing multiple line profile measurements and com-
puting the standard deviation of the data points. The result is a relative
uncertainty of ±15 %.

This results in a total value of the uncertainty of ∆nH,rand
nH

= 18 % accounting
for the random error. The temperature of hydrogen atoms is determined after
equation (5.6) from the Doppler FWHM which is in turn calculated after equa-
tion (3.11). The uncertainty of TH is determined by Gaussian error propagation
of the uncertainties of the FWHM of the measured line profile and the laser line
width. The former is another result of the fitting applied to the line profile whereas
the latter is estimated to be ±0.1pm.

5.3 Measurements in H2 plasmas

H atom density

The experiments on H2 plasmas are carried out for a varying pressure between
2Pa and 10Pa while keeping the RF power coupled to the plasma at a constant
value of Pplasma = 310W. For this, the forwarded RF power is adjusted accordingly



5.3 Measurements in H2 plasmas 83

2 4 6 8 1 0

1 0 1 9

1 0 2 0

1 0 2 1

 o p t i c a l l y  t h i c k
 o p t i c a l l y  t h i n

Ato
m 

De
ns

ity 
[m

-3 ]

( P a r t i a l )  P r e s s u r e  [ P a ]

H y d r o g e n
P p l a s m a  =  3 1 0  W

T A L I F

O E S

Figure 5.14: H atom density measured via TALIF and OES (optically thick and
optically thin) as a function of pressure. Pplasma = 310W for all pressure points.

for each pressure value which is necessary since the coupling efficiency rises from
70 % to 82 % for increasing pressure. The nH values as measured both by means
of TALIF and OES are depicted in figure 5.14. Regarding the TALIF results, the
small error bars correspond to the random error, while the large error bar is the
systematic error. The latter is shown as an example for the 2Pa data point but it
is assigned to all points. For OES both optically thick and optically thin results
are shown.

nH is found to increase by a factor of three with increasing pressure. This is
observed by both diagnostics such that the relative trends found by TALIF could
be well reproduced with OES. Concerning the absolute results, the TALIF values
are within a range of 7 × 1019 m−3 and 2 × 1020 m−3. This is a factor of 2.5 higher
compared to the optically thick OES result. This factor is constant throughout
the pressure scan within the respective error bars. In order to assess this difference
between the two diagnostics, a closer look has to be taken on the influence of
photon re-absorption on the nH value resulting from OES.

If photon re-absorption is not considered for the evaluation of the OES results,
the resulting nH value rises by a factor of 1.5 being therefore closer to the TALIF
results as can be extracted from figure 5.14. This demonstrates the big impact
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of this effect on the nH value which is obtained via OES. Its influence on the
population of excited H atom states is twofold:

• The H atom state with n = 2 gains an additional population channel due to
photon re-absorption such that the according calculated density increases
drastically due to photon re-absorption [BF00]. This also applies to the state
n = 3 but only to a lesser degree since the Einstein coefficient of the Lyman-β
transition is smaller compared to the one of the Lyman-α transition.

• The H atom states with n ≥ 4 are not directly populated by photon re-
absorption since the according Einstein coefficient of their Lyman transitions
are not sufficiently high. However, redistribution of excited atoms with n = 2
or n = 3 into those states leads to an additional population. Therefore also
the population of the states with n ≥ 4 is affected by photon re-absorption.

Overall, the presence of photon re-absorption therefore causes an increased
population of all excited H atom states. In the OES evaluation, this causes that a
lower nH value is required to account for an observed emissivity of one of these
states which therefore leads to a drop of the resulting nH if photon re-absorption
is considered. However, as the plasma is clearly opaque at the observed H atom
density values (see for example [WBFF21]), the optically thick result is considered
to be closer to reality. Nevertheless, an overestimation of the influence of photon
re-absorption could cause an underestimation of nH explaining the difference
between the results obtained by TALIF and OES partly. This should vanish at
low values of nH such that a comparison of the two diagnostics in such a condition
could quantify the this influence experimentally.
The TALIF result also suffers from uncertainties which have an influence on

the absolute nH value:

• The OES data lies generally on the edge of the systematic error bar which
mainly consists of the uncertainty of σ

(2)
Kr

σ
(2)
H

as determined by [NSD01]. If in
reality, this value is smaller than the stated value of 0.62, the resulting nH
from the TALIF measurement drops accordingly.

• TALIF as performed in this work overestimates the nH value caused by the
branching ratio in the nH calculation. An overestimation by a factor of 2.5 is,
however, not possible. This value would correspond to a fluorescence decay
time of 22.5 ns that is clearly not observed. This is why the overestimation
due to this reason is expected to be smaller.
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Figure 5.15: Electron density and temperature measured via OES (optically thick
evaluation) as a function of pressure.

In context of these uncertainties, also the absolute values of the two diagnostics
agree reasonably well.

Electron density and temperature

The ne and Te determined by OES are shown in figure 5.15. For the evaluation,
the optically thick calculations of Yacora H and H2 were used. Here, ne is found to
increase from a value below 2 × 1016 m−3 towards above 4 × 1016 m−3 for increasing
pressure while Te drops from 4.5 eV towards 2 eV. For the two pressure points
at 5Pa and 7Pa, the measured ne value is the same. This is due to the limited
resolution in ne of the performed forward calculations by Yacora H and H2. The
Te drop follows the behaviour outlined in chapter 2.1.2. The rise in ne can be
explained by evaluating the power balance equation (2.18). As the power coupled
to the plasma is kept constant throughout the pressure scan, the left hand side of
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Figure 5.16: H atom temperature (determined by means of TALIF) and H2
temperature (determined by means of OES) as a function of pressure at constant
power coupled to the plasma.

the equation can be kept constant. In the right hand side, the Te drop leads to a
decrease of the reaction rates which needs to be compensated for by increasing ne.

Atomic and molecular hydrogen temperature

The temperatures of hydrogen atoms and hydrogen molecules are depicted in
figure 5.16. Both temperatures agree well within their respective error bars and
have values between 550K and 650K throughout the pressure scan. The two
species can thus be considered to be thermalized. The two temperatures rise
throughout the pressure increase which can be attributed to an increasing number
of collisions between the heavy particles and electrons. First, this causes increased
dissociation of H2 molecules which produces energetic H atoms (due to the Franck-
Condon energy). As H and H2 are thermalized, this causes a heating of all both
particle species leading to an increased temperature. Secondly, the increased
collisionality between electrons and heavy particles causes heating of the cold
heavy particles due to elastic collisions.
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Figure 5.17: Result of the nH calculation of the dissociation model in comparison
with the corresponding value as measured by TALIF.

Discussion of the relative nH behaviour

The obtained values of ne and Te can be utilised in order to explain the relative
behaviour of nH. For this, calculations with the dissociation model described in
chapter 2.3.23 are performed and the nH results are compared to the value as
determined by TALIF. Subsequently, this comparison serves as a benchmark of
the dissociation model itself. The experimentally determined ne, Te and Tgas as
well as the operation pressure are used as input parameters of the calculations. An
open parameter is the wall loss coefficient γ. Here, two different values are used.
In ALFRED, the wall material of the vessel and the bottom plate is stainless steel,
the top plate is made of Al2O3 ceramic and the windows are made of quartz. The
value of γ depends mainly on whether the surface is metallic or dielectric, such that
γ is comparable for quartz and Al2O3 ceramic. Metals generally exhibit a larger
wall loss coefficient than dielectrics. The value of γ in ALFRED is expected to be
a weighted sum of γ for all plasma facing materials. As a lower boundary, the wall
loss coefficient γ = 0.018 after [YKC+21] is used which is determined for quartz as
surface material. As an upper boundary, the value γ = 0.1 after [MM71, MDZ99]
for stainless steel is chosen.

3The model calculations were carried out by [Bri22].
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The results of the dissociation model calculation is depicted in figure 5.17 in
comparison to the results from TALIF. Both model results follow the relative nH
behaviour as determined by TALIF very well. Concerning the absolute value, the
larger one of the dissociation model results (corresponding to γ = 0.018) matches
the TALIF results very closely. The value of γ has a very big influence and
causes an absolute shift of the H atom density as can be seen in the figure where
an increase of γ by a factor of five in turn causes a decrease of nH by another
factor of five. It is therefore the biggest source of uncertainty of the dissociation
model. In addition, the model does not consider any spatial profiles of the plasma
parameters as well as the effect of the surface temperature or impurities on γ

are neglected. Further, also the variation of the H2 dissociation cross section
depending on the vibrational level is not included in the calculations. Considering
these simplifications, also the absolute nH values resulting from the model fit
reasonably well to the results of the TALIF measurement.

5.4 Measurements in H2/He plasmas

The investigation of plasmas consisting of mixture of H2 and He is motivated
twofold. Helium is chosen as gas admixture in order to lower the H atom density
in the plasma as only a low H2 content is chosen in the mixture. These low H atom
densities can be used to investigate the discrepancy between TALIF and OES
in the nH determination further. Secondly, these low H atom densities are used
in order to provide a regime with similar H densities as expected in BATMAN
Upgrade. The capabilities of the TALIF system in the nH determination in this
regime are therefore of high relevance.

H2 and He are fed into the plasma vessel simultaneously and experiments with
H2 admixtures of 5% and 10% are investigated. The total pressure is kept at 5Pa
and the forwarded RF power is 240W for both discharges. This procedure results
into the two partial hydrogen pressures 0.25Pa and 0.5Pa which are within the
pressure range in which BATMAN Upgrade is operated.
A limiting factor regarding the TALIF capabilities was found to be the offset

in the PMT signal caused by background radiation of the plasma. Helium has
a transition at 667 nm which is within the spectral transmission interval of the
Hα filter. The ratio of the fluorescence signal height to the background emission
(TALIF-to-background ratio) was found to be 0.4 and 0.2 for the 10 % and 5 % H2

admixtures respectively. At such low signals, the evaluation of the data acquired
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as described in chapter 5.1.1 was not possible due to the noise of the background
radiation. This was overcome by increasing the number of considered laser shots for
one acquisition to respective values of 500 and 1000. This causes an increase of the
acquisition time of one hydrogen line profile to 9min and 15min respectively. The
stability of the plasma during this time was verified with a survey spectrometer.
Performing experiments at lower admixtures of H2 was, however, not possible due
to the even lower TALIF-to-background ratio.

H atom density

Figure 5.18 shows the result of the nH measurements for the H2/He plasma. The
results of the H2 plasma are shown for comparison. The density as measured
by TALIF rises from 2.5 × 1019 m−3 to 3.5 × 1019 m−3 for the rising H2 admixture
whereas the result from OES is smaller by a factor of 1.6. This factor is smaller
compared to the difference between TALIF and OES for the pure H2 plasmas (i. e.
2.5) which can have two causes. Firstly, the influence of photon re-absorption
on the results of Yacora H is smaller at lower nH. An overestimation of this
effect would therefore lead to a smaller underestimation of the resulting nH value.
Secondly, the branching ratio which is used for the TALIF evaluation alters due
to photon re-absorption. If in this effect is less pronounced as is also indicated
by the lower fluorescence decay time observed in figure 5.13, the true branching
ratio is closer to the value of 0.441 which is used for the TALIF evaluation. The
overestimation of nH due to this reason is therefore less pronounced.

Electron density and temperature

Compared to the H2 plasma, the resulting nH values are smaller as expected.
However, nH/nH2 has values of 0.8 and 1.7 for the 10 % and 5 % H2 admixtures
respectively which is considerably higher when compared to the pure H2 case
which range between 0.2 and 0.4. This can be understood with the results of the
ne and Te measurements, which are shown in figure 5.19 again compared to the
results of the H2 campaign. ne is found to be in the same order of magnitude as
for the lowest pressures in the H2 plasma between 1 × 1016 m−3 and 2 × 1016 m−3.
The smaller electron density at increasing H2 admixture is caused as outlined in
the evaluation of the power balance in chapter 2.1.2. A higher fraction of the
molecular species H2 in the He plasma opens an additional sink of power being
vibrational excitation and dissociation such that a lower amount of power is left
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Figure 5.18: H atom density measured via TALIF and OES (optically thick case)
for the H2/He mixture at two mixing ratios. The results of the campaign with H2
plasmas are shown for comparison.

for ionization leading to a reduction of ne. Te is considerably higher compared
to the pure H2 plasma with values around 7 eV for both H2 admixtures. This is
the cause of the high dissociation degree of H2 molecules. The cause of this is in
the differing ionization energies between HE and H. The value of this energy for
helium atoms is 24.6 eV [NIST] which is considerably higher compared to atomic
or molecular hydrogen (13.6 eV and 15.4 eV respectively). Fulfilling the ionization
balance in chapter 2.1.2 requires therefore a high electron temperature as only
then the ionization rate is sufficiently high. This is due to the small fraction of
electrons reaching the kinetic energy of 24.6 eV at small Te.

Atomic and molecular hydrogen temperature

The determined atomic and molecular hydrogen temperatures are shown in fig-
ure 5.20. Both temperatures are in the range between 400K and 550K whereas
the atomic temperature tends to be lower than the molecular temperature.
If at all a difference between the atomic and molecular hydrogen temperature

is expected, the atomic temperature is expected to be higher compared to the
molecular temperature. This is due to the Franck-Condon energy of 2 eV which
is released during dissociation as kinetic energy. Energy exchange collisions lead
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Figure 5.19: Electron density and temperature measured via OES (optically thick
case) for the H2/He mixture at two mixing ratios. The results of the campaign
with H2 plasmas are shown for comparison.

to a transfer of this energy to other heavy particles which eventually leads to
thermalisation of heavy particles. If the collision rate between H atoms and H2

molecules is not sufficient, they can not thermalise before wall recombination of H
atoms. That would result in a higher H atom temperature compared to the H2

temperature which is for example observed in [TDFP07]. However, in the observed
H2/He plasmas the opposite is the case and the cause of this is unknown. As the
temperatures are close nevertheless, the temperature difference is attributed to
the measurement uncertainty of the two temperatures and a common temperature
is assumed.

5.5 Measurements in D2 plasmas

In BATMAN Upgrade, plasmas are also operated with D2 as this is the working
gas which is foreseen for an NBI system in a fusion application. The effect of
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Figure 5.20: H atom temperature (determined by means of TALIF) and H2
temperature (determined by means of OES) for the H2/He mixture at the two mixing
ratios. The results of the campaign with H2 plasmas are shown for comparison.

changing the isotope on the atomic density is therefore a subject of investigation
in ALFRED. For this, D2 plasmas are operated at the three different pressure
values of 2 Pa, 5Pa and 10Pa at a constant power coupled to the plasma of 215W.
Pplasma is lower in the deuterium campaign compared to the hydrogen campaign
due to the brighter plasma emission causing saturation of the PMT at higher
power values which has to be prevented.

For performing TALIF, the same transition is probed as for hydrogen. However,
the absorption wavelength is shifted from 205.08nm to 205.03nm due to the
isotopic shift of the energy level of the n = 3 levels. The two-photon absorption
cross section σ(2)D as well as its ratio to the corresponding krypton cross section σ(2)Kr

are assumed to be equal to the ones for hydrogen. This is justified as two-photon
absorption is a process located in the electron shell such that changes of the nucleus
are not expected to alter σ(2). The quadratic regime for performing TALIF is
depicted in figure 5.21 which shows the integrated PMT voltage ∫ UPMT(t)dt
as a function of ∫ [UPD(t)]2 dt for TALIF on D atoms. From this is apparent
that the quadratic regime for deuterium is located at energies below 70µJ. This
value is smaller compared to the threshold value of 100 µJ which was found for
TALIF on H. This threshold is determined by the validity regions of the two
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Figure 5.21: Integrated PMT voltage from TALIF on deuterium as a function
of ∫ [UPD(t)]2 dt and a linear fit to the data.

conditions (3.21). The saturation region moves to smaller energies, if one of them
is violated for a smaller energy per pulse. In this particular case, this means that
either the excitation rate R2PA or the photoionization rate Γ are higher for TALIF
on deuterium compared to hydrogen.

In the case of Γ, equation (3.18) does not reveal an isotopic mass dependence.
Thus, this contribution to saturation is equal for both isotopes. However, R2PA is
indeed larger in the case of deuterium as the absorption line profile g(λ) depends
on the mass of the absorbing particle. Its Doppler width is proportional to

√
1

mH/D

such that the profile is more narrow for deuterium at the same temperature
and g(λ) has a higher value in the line center. This would lead to a significant
depopulation of the atomic ground state already at lower energy per laser pulse.
On the other hand, this depopulation is only present for atoms with a velocity
parallel to the laser beam v∥ close to the according Doppler shifted laser wavelength
according to equation (3.14). As the velocity distribution function of D atoms
is more narrow due to the Doppler broadening, the amount of atoms within the
relevant v∥ interval is larger compared to hydrogen atoms. That would in turn
lead to a larger necessary energy per laser pulse for ground state depopulation
such that the two described effects cancel each other. For single photon laser
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absorption spectroscopy, this effect is known as the presence of Bennet holes in the
VDF and it is studied extensively in [Shi83]. Also in this treatment, no isotopic
mass dependence on the depopulation of the ground state is found. The lower
boundary of the quadratic regime for TALIF on deuterium is thus not resolved,
but the result of the measurement is treated as valid hereafter. For TALIF, the
used energy per pulse is therefore 60 µJ for deuterium.

D atom density

The measured atomic deuterium density is shown in red in figure 5.22 whereas
the results of the two previous campaigns are also depicted for comparison. nD
as measured with TALIF rises from just below 2 × 1020 m−3 to above 5 × 1020 m−3

which is higher by a factor of 2.5 compared to the corresponding hydrogen
campaign despite a lower power coupled to the plasma denoting a strong isotope
effect. This result compares well to other experiments at similar pressures where
deuterium and hydrogen plasmas are compared [RBF17] as well as results from
BATMAN [FSW13]. nD as determined by OES is lower than the corresponding
TALIF result by a factor of 3 to 3.5 throughout the pressure scan. The relative
behaviour of nD is very well reproduced by OES.
The factor between TALIF and OES is bigger for the D2 plasma campaign

compared to the H2 plasmas. This bigger difference can have two causes. Firstly,
the evaluation of the OES data is carried out with CR models which are only
established for hydrogen. Changes of the cross sections of reactions involving
deuterium molecules or molecular ions can result in an underestimation of nD.
Secondly, the absolute D atom density is bigger than the corresponding H atom
density such that an underestimation of the atomic density by OES due to the
presence of photon re-absorption is expected to be more pronounced. Lastly, the
increased influence of photon re-absorption in the D2 plasma also affects the true
branching ratio of the Dα line in the TALIF evaluation. Fluorescence decay times
above 16 ns at 10Pa enforce this such that a stronger overestimation of nD by
TALIF due to this is expected compared to the H2 plasma.

Electron density and temperature

In order to assess the increase of the atomic density in the D2 plasma compared
to the H2 plasma, ne and Te are evaluated. These two parameters are shown
in figure 5.23 together with the respective results of the campaigns with the H2
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Figure 5.22: D atom density measured via TALIF and OES (optically thick case)
for the D2 plasma campaign. The campaigns with H2 and the H2/He mixture are
shown for comparison.

plasma and the H2/He mixture plasma. This reveals ne values between 1×1016 m−3

and 4×1016 m−3 which are lower compared to the conducted H2 campaign which is
due to the lower value of power coupled to the plasma in this case. Te is, however,
elevated by 5 − 15 % in the D2 plasmas compared to the H2 plasmas.

Comparison of nD with nH

An increase in Te causes stronger dissociation with a steep dependence. However,
the observed Te difference is so small that this is not expected to be the sole reason
for the higher atomic density in the D2 plasmas compared to H2. On top, ne is
smaller in the investigated D2 plasmas which causes less dissociative collisions
between electrons and D2 molecules.
The cross section of electron impact dissociation is calculated in [SFK+21] for

H2 and D2. Here, it is shown that the slight isotope dependence of the cross
sections in combination with the altered vibrational structure of the molecules
could cause an increase of the electron impact dissociation rate by 10 %. This
calculation is performed under the assumption of thermal equilibrium for the
population of the vibrationally excited molecule states. However, the order of
magnitude of this effect is small compared to the found increase of a factor of 2.5.
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Figure 5.23: Electron density and temperature as determined with OES (optically
thick case) for the D2 plasmas. For comparison, the corresponding results of the
campaigns with H2 and H2/He plasmas are shown.

The loss rate of atomic deuterium at the walls of the plasma vessel is dominated
by the diffusion of atoms rather than the wall recombination process for the
investigated pressure range. As was already elaborated in chapter 2.3.1, its mass
dependence causes a decrease of 30 % of the diffusion coefficient. Inserting this
into equation (2.22) yields that the D atom loss rate Kloss drops by 30 % compared
to atomic hydrogen. This causes in turn a higher density of atomic deuterium in
the plasma but can not explain the factor of 2.5 which is observed such that a
further effect has to play a role which could not be resolved in these investigations.

Atomic and molecular deuterium temperature

The temperature of deuterium atoms and molecules is depicted in figure 5.24
together with the results of the previous campaigns conducted with H2. The tem-
perature value of deuterium atoms is between 530K and 610K and thus slightly
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Figure 5.24: D atom temperature (determined by means of TALIF) and D2
temperature (determined by means of OES) for the conducted D2 plasmas. The
results of the preceding campaigns using H2 are depicted for comparison.

lower than the range that was observed in the H2 plasma. The D2 molecular
temperature is lower and is between 450K and 550K. Both temperatures rise
for increasing pressure which can again be attributed to the increased number of
collisions between electrons and neutral particles. The difference of atomic and
molecular temperature could be explained qualitatively due to the Franck-Condon
energy that is released during D2 dissociation as outlined in chapter 5.4. The
observed difference between atomic and molecular temperature hints towards an
insufficient thermalisation of the two species. In order to confirm this, measure-
ments at higher pressure are necessary which are expected to show equality of
the two temperatures. This is, however, out of scope for the present experimental
setup. Nevertheless, the two temperatures are close to each other, such that a
common temperature again is a reasonable approximation.
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5.6 Conclusions for the application of TALIF to
BATMAN Upgrade

The TALIF setup was successfully comissioned and reproducible measurements
were possible. For the application of TALIF to BATMAN Upgrade, the following
experience was gained:

• The fluorescence collection optics could be calibrated regarding their trans-
mission and the calibration can be directly transferred to BUG.

• The influence of the emission line width of the laser can be compared to
a Gaussian line profile with ∆λLaser = (1 ± 0.1)pm. With this, the VDF of
hydrogen and deuterium atoms in BUG can be determined.

• The H fluorescence decay time is found to depend on the density of H atoms.
At the low density values which are expected at BUG, a decay time close to
10 ns is expected which is connected to a branching ratio of aHα = 0.441.

• TALIF signals can be measured despite a TALIF-to-background ratio of
0.2 by increasing the number of laser pulses considered for one acquisition.
However, this comes with an increased length of the acquisition time. In
BUG, plasmas can presently be operated only up to 100 s which puts a hard
limit to the acquisition time.

• The lowest measured hydrogen density is 2.5 × 1019 m−3 which is still higher
than the densities expected at BUG. Due to the variable gain of the PMT,
also lower densities can be assessed by the TALIF system as long as the Hα

background can be suppressed sufficiently.

• The acquisition time of one TALIF line profile with the built system is
on the order of 5 minutes or longer which is larger than the length of a
plasma pulse at BATMAN Upgrade. A single line profile can therefore not
be recorded within a single plasma pulse.
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6 TALIF at BATMAN Upgrade

6.1 The BATMAN Upgrade test facility

BATMAN (Bavarian Test Machine for Negative Ions) Upgrade (short: BUG) is
a test facility for the investigation of the generation and extraction/acceleration of
negative hydrogen ions. It is equipped with a negative ion source which is 1/8 the
size of the source which is planned for ITER. The predecessor teststand BATMAN
is in operation since 1997 [KSB+18] and could demonstrate the requirements of
ITER for a negative ion source for NBI concerning the extracted negative ion
current density and the ratio of co-extracted electrons and negative ions for a
pressure of 0.3Pa [HFK+17].

6.1.1 Experimental apparatus

BATMAN Upgrade consists of the RF prototype negative hydrogen ion source, an
extraction and acceleration system and a vacuum vessel behind the source (called
tank) in which the accelerated ion beam is dumped and investigated. Figure 6.1
shows a CAD drawing of the ion source. It is equipped with a cylindrical driver
which has a diameter of 24 cm and a length of 17 cm. A coil with six windings is
wound around the driver and acts as RF antenna. Cooling water flows through
the coil in order to cool the heat induced by ohmic losses within the coil. The
plasma is driven by an RF generator which is connected to the coil via a matching
network. A maximum power of 100 kW is applied at 1MHz. The driver consists
of a quartz ceramic cylinder and a Faraday shield is attached to the inner side of
the driver walls. This shield suppresses capacitive coupling which would cause
a high potential difference between the plasma and the vessel walls. This would
cause a damage to the walls due to accelerated positive ions and protects the
quartz cylinder from direct plasma contact. This is of particular importance
as any sputtered impurities heavily affect the Cs conditioning causing temporal
instabilities in the extracted negative ion current.
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Figure 6.1: Vertical cut through BATMAN Upgrade ion source with the exctrac-
tion and acceleration system. CAD created by Markus Fröschle.

Above the driver, a Cs oven is attached to the ion source which evaporates Cs
into the expansion region towards the PG by heating a liquid Cs reservoir and thus
controlling the Cs vapour pressure. The Cs is redistributed within the chamber by
the plasma. The expansion region is roughly cuboid and has dimensions of w × h
× l = 31 × 58 × 23 cm3. The filter field in the expansion region is generated by a
current of up to 3 kA flowing vertically through the PG and two return conductors
outside at the driver side of the expansion vessel. The latter lowers the magnetic
field inside the driver to allow operation in low pressure. Converting the current
into a magnetic field strength, 1 kA corresponds to roughly 2mT (horizontally
oriented) in the center of the vessel in a distance of 2 cm to the plasma grid.
In [Mar20], a plasma asymmetry is observed which arises from a drift of both
positive ions and electrons which is caused by the magnetic filter field. Due to
this drift, the density of charged particles is generally higher in the top half of the
ion source which als reflects in the spatial extracted negative ion profile.
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The extraction and acceleration system was upgraded in 2016 and is oriented
at the grid system as planned for ITER regarding shape and arrangement. It
represents almost one beamlet group of the ITER source [FBF+19] and is depicted
in figure 6.2. The left part of the figure depicts the plasma grid which is partly
covered by the bias plate. The distance between the two parts is 4mm. The
right part shows the arrangement of the PG, the EG and the GG whereas the
three grids are used for the extraction and acceleration of the negative ions. The
negative ions are extracted from the plasma via a voltage between the PG and
the EG of up to 10 kV. This happens through apertures in the grid system which
have a diameter of 14mm. The total available acceleration voltage is 45 kV. Here,
the tank and the GG are kept at ground potential whereas the source is operated
at the negative high voltage potential. Permanent magnets are embedded in the
EG in order to deflect co-extracted electrons onto the EG which is actively cooled
in order to prevent melting due to the high power load. Both BP and PG are
electrically insulated from the source walls and can be biased positively with
respect to them. In the latter case, this acts for suppressing the co-extracted
electrons [WF16a]. In the standard configuration which was also present in this
work, the BP is connected to the outer source walls via a 1Ω resistor thus having
a potential between the source walls and the floating potential. The PG and BP
can be heated to a temperature between 150 °C and 250 °C in order to control
the Cs dynamics whereas the source walls are kept at 35 °C which prevents the
development of cold spots which lead to an accumulation of Cs at these spots.

The negative ion beam is accelerated into a large tank (length: 2m, base area:
1m2) in which diagnostics on the beam can be performed. The teststand is
pumped predominantly with a cryo pump which is attached to the tank. Two
additional pump stands are attached to the teststand in order to lower the pressure
sufficiently such that the cryo pump can work. Each consists of a backing pump in
combination with a turbomolecular pump. With this pump system, a background
pressure of 3 × 10−7 mbar is reached. Hydrogen or other gases like krypton for
TALIF calibration can be fed into the experiment via a connection in the backplate
of the driver.

6.1.2 BATMAN Upgrade operation

A typical pulse of BATMAN Upgrade is illustrated in figure 6.3 which shows
time traces of the source pressure (psource), extracted ion current (Iion), RF power
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Figure 6.2: CAD drawing of the plasma grid and bias plate as seen from the
driver (left) and cross section through the grid system (right). EG: extraction grid,
GG: grounded grid. Picture after [KSB+18], dimensions in mm. CAD created by
Markus Fröschle.

(PRF), applied high voltage (UHV) and the Hα emission which was measured by a
photodiode that is observing the driver plasma.
A pulse starts by a gas puff which releases H2/D2 gas into the source. Still

at high pressure, 20 kW of RF power are applied for ignition. Subsequently, the
pressure is reduced and the RF power is increased such that both parameters
are at the desired value which are 0.3Pa and 70 kW in this example. The time
period in which RF power is supplied to BUG is denoted as RF phase. The Hα

signal shows the ignition process as a strong increase of the radiation. After a
specified time period which is sufficient for the plasma to stabilize (i. e. the Hα

emission becomes widely stable), the extraction and acceleration of negative ions
is started. For this, UHV is set to the desired value, entering the high voltage phase.
After a pre-set time, the extraction and acceleration voltages are set to 0 again
stopping the ion extraction. The RF phase is prolonged for a short while longer
and eventually terminates when the pulse is finished. In the current state of the
experiment, the pulse length is limited by the heat-up of the plasma grid and
the bias plate during the RF phase to a maximum RF phase length of 100 s at,
however, reduced RF power.
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Figure 6.3: Time traces of the Hα emission, the source pressure (psource), extracted
ion current (Iion), RF power (PRF) and applied high voltage (UHV).

The presence of Cs in the plasma can have an effect an the plasma parameters
in H2 plasmas which is investigated in [Fri13]. Among these, especially the effect
of Cs on the H atom density is of relevance. Here, a decrease of the H atom
density by up to 50 % is observed at sufficient Cs density. For deuterium, this
effect is less pronounced. This is explained by the effect of H atom gettering of
Cs at the walls of the plasma vessel. In negative hydrogen ion sources, this effect
is known as over-conditioning and causes a decrease of the current of extracted
negative ions [FBH+21] due to the excessive gettering of H atoms at the source
walls. Over-conditioning is accompanied by a decrease of the Hα emission such
that this emission is recorded with a survey spectrometer (Plasus: SA Series) in
order to avoid this state.

6.1.3 OES at BATMAN Upgrade

OES is performed at BATMAN Upgrade regularly in order to determine plasma
parameters ne, Te and nH in different regions of the ion source of BATMAN
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Figure 6.4: Lines of sight for the OES employed at BATMAN Upgrade. CAD
created by Markus Fröschle.

Upgrade. For this, a high resolution spectrometer (Princeton Instruments: Acton
SpectraPro SP-2750) is connected to four lines of sight (LOS) at the ion source.
They are depicted in figure 6.4. Two LOS are employed close to the plasma grid
while the expansion region and the driver are monitored with one LOS respectively.
The light is collected with lens heads and optical fibre which are connected to the
spectrometer.

With this setup, the Balmer lines α to δ are investigated for atomic hydrogen
and the Q branches of the first four diagonal vibrational transitions of the Fulcher-
α band are observed for molecular hydrogen. The obtained results are used in
order to determine ne, Te and nH via a comparison to the CR models Yacora H
and H2. Again, the application of the CR model has been carried out by [Bri22].
For the evaluation of the spectra at BATMAN Upgrade, only optically thin Yacora
H and H2 calculations have been used. For the BATMAN Upgrade geometry,
no population escape factors have been calculated yet. This is because of the
complex geometry and spatial emission profile as also emission originating in the
driver reaches the positions in the expansion region and close to the PG. These
points make the calculation of population escape factors computationally very
expensive. The resulting nH values are therefore likely to overestimate the true
density value present in the plasma as outlined in chapter 5.3.
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6.2 TALIF connection and implementation

The laser is located roughly 12m away from the ion source of BATMAN Upgrade on
a different level of the building due to the considerations outlined in chapter 4. This
distance needs to be overcome by the laser beam while maintaining the stability
of the laser position within BUG. For this, a laser beamline was constructed using
guiding mirrors.

The full laser beamline can be seen in figure 6.5. Here, the laser beam is guided
from the laser enclosure to BUG by using four mirrors in total. In the course of
this, the beamline is completely enclosed by PVC tubing which was prior tested
for laser safety. This tubing serves on the one side as laser enclosure which ensures
a safe working environment and is on the other side used for fixing the beamline
to the ceiling and the ground of the operation hall in order to minimize vibrations.
The mirrors are held within PVC cross pieces. A close view of the first mirror
after exiting the laser enclosure is depicted in figure 6.6. The mirror is mounted
within a standard Thorlabs mirror mount which is attached to a 3D printed mount
holder. The latter is used for a coarse alignment of the mirror. O-rings are used
in order to seal the space between the mount holder and the PVC cross piece.
Fine alignment of the mirror can be achieved by using the alignment screws on
the left side of the mirror mount. The cross piece can be closed after alignment
with a 3D printed plug which is sealed with O rings.

The beam is guided into the ion source from below and focussed into the vertical
center by using a UV fused silica lens with a specified focal length of 750mm. As
negative hydrogen ions are produced on the plasma grid, the nH measurement is
desired close to the PG. The position of the laser beam above the PG can be seen
in figure 6.7. For entering the vacuum vessel, one of the vertical access flanges
is used. This leads to a distance of 25mm between laser beam and PG. The
fluorescence is collected perpendicular to the laser beam at a horizontal port which
is located at half the height of the chamber which is between the two LOS which
are use for OES. The resulting nH values are considered to be comparable despite
the vertical asymmetry of the plasma in front of the PG. This is because the H
atoms are predominantly produced in the driver and diffuse subsequently into the
expansion chamber towards the PG without being affected by the plasma drift as
they are neutral particles. An asymmetry nH could arise from collisions of H atoms
with ions which are affected by the drift or the predominant wall recombination of
positive ions in the upper half of the chamber. However, since this asymmetry is
not a direct consequence of the plasma drift, it is smaller compared to the electron
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Figure 6.5: Path of the laser beam within the BATMAN Upgrade operation hall
guided from the laser enclosure to the ion source. Human for scale. CAD created
by Andreas Oberpriller.
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Figure 6.6: Close view to one of the PVC crosses which are used for holding the
laser mirrors. CAD created by Andreas Oberpriller.

and ion density. Further, the nH values as obtained from the two LOS of the OES
can be compared in order to assess the asymmetry.

The fluorescence light is collected by using an achromatic lens (focal length:
85mm) which focusses the fluorescence light onto a fibre with a diameter of 1mm.
A 3D printed aperture with a slit width of 3mm is used for spatial filtering the
plasma radiation. For this, the slit is aligned in parallel to the laser beam which
causes the observed volume to be vertically elongated to roughly 25mm. This
apparatus is attached to the ion source at a horizontal port. Spectral filtering
is performed with two filters at 830nm ± 10nm (Thorlabs: FL830-10) for Kr
measurements and 650nm ± 40nm (Thorlabs: FB650-40) for H measurements
which are installed between the aperture and the achromatic lens. The fibre is
connected to the PMT (Hamamatsu: H11706-20). After crossing the vacuum
vessel, the laser is dumped in a beam dump.

In the laser enclosure, the optics are arranged similar to the arrangement which
is introduced in chapter 4.2. The changes to the system are depicted in figure 6.8.
A telescope system made of two focussing lenses (focal length: 200mm) is inserted
into the optical system. This is due to alter the divergence of the laser beam
such that the beam is fairly collimated. Otherwise, the laser beam size exceeds
the mirror size before reaching the ion source which causes losses of laser energy.
Resulting from this, the laser beam diameter close to the ion source can be adjusted
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Figure 6.7: Laser beam path in front of the plasma grid and arrangement of the
optics for collection of the fluorescence light. CAD created by Markus Fröschle.

to roughly 1 cm. Again, the variable attenuator is used in order to control the
energy per laser pulse and the laser intensity is monitored by the photodiode.
The resulting energy per laser pulse at BATMAN Upgrade has a maximum

value of 200µJ which corresponds to 30 % of the energy leaving the laser system.
The losses consist of multiple contributions:

• the maximum transmission of 72 % of the variable attenuator

• the reflectivity of 97 % of the mirrors (in total seven mirrors correspond to
a total laser beamline transmission of 81 %)

• the beam splitter in front of the photodiode with a total transmission of
∼ 90 %

• reflections at the uncoated surfaces of the telescope lenses, the focussing
lens and the window used for entering the ion source

• scattering losses in air which were observed visibly

• absorption of UV radiation in moisture in the air [Ste21]
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Figure 6.8: Optical arrangement of the laser system and the additional optics
for the connection of the laser beam to BATMAN Upgrade.

The laser beam position was observed to be very stable within the ion source
such that re-alignment of the optics has to be carried out only on a weekly basis
and the system is considered to be stable within one day.

6.3 Characterization of the TALIF system

6.3.1 Acquisition procedure and resulting signals

The TALIF-to-background ratio for the measurements during plasma operation
was observed to be below 0.1 for the shown arrangement of the fluorescence optics
despite the spatial filtering with the slit mask. Without slit mask, no signal could
be observed against the background radiation. In order to resolve the signal
against the noise of the background, 4000 laser pulses are necessary for one TALIF
signal acquisition. Figure 6.9 shows the result of such a measurement. Here, the
timely resolved PMT signal is depicted after subtraction of the Hα background.
The laser wavelength is set to a value in the center of the transition. This figure
marks the first time that TALIF was applied to a negative hydrogen ion source.
The resulting signal to noise ratio is 4 which is lower than observed for the

measurements at ALFRED. The source of the increased noise level could be due
to two reasons. Firstly, the ratio of signal to the Hα background is lower such
that the noise of the background radiation is more relevant in relation to the
fluorescence signal. Secondly, the RF noise for the measurements at BATMAN
Upgrade was observed to be higher compared to ALFRED, which is mainly due
to the higher RF power in the former case. The first problem could be tackled by
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Figure 6.9: Exemplary PMT signal UPMT(t) obtained at BUG.

increasing the fluorescence signal in relation to the background radiation. Better
shielding of the PMT and the oscilloscope against RF coupling could improve the
RF noise.

The increased noise level puts difficulties to the further data processing. Espe-
cially in the wings of the line profile at low signal strength, numerical integration of
the PMT signal is considered unreliable. Noise filtering techniques such as Fourier
analysis or Savitzky-Golay filtering are not possible with the acquired waveforms
due to the lack of temporal resolution which is only 1 ns for the used oscilloscope.
Therefore, the signals are evaluated by fitting an expected fluorescence signal to
the obtained PMT data. This function is obtained as the solution of equation (3.4)
for a laser beam with a rectangular temporal intensity profile while assuming a
constant density of the ground state. The PMT signal is proportional to n2(t)

such that it is given by

UPMT(t) =

⎧⎪⎪⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎪⎪⎩

0 , t < t0

C ⋅ [1 − exp (− t−t0τH
)] , t0 ≤ t < t0 + tpulse

C ⋅ [1 − exp (−
tpulse
τH

)] ⋅ exp (−
t−(t0+tpulse)

τH
) , t ≥ t0 + tpulse .

(6.1)
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Here, C is a proportionality constant which is used as fitting parameter, t0 is the
starting time of the laser pulse and tpulse is the pulse length. τH is the fluorescence
decay time of the signal. Before the laser pulse (t < t0), no excitation of ground
state atoms takes place resulting in the value 0 of the PMT voltage. During the
pulse (t0 ≤ t < t0 + tpulse) the fluorescence follows a restrained growth function
resulting from the balance of two-photon excitation and spontaneous emission.
After the laser pulse (t ≥ t0 + tpulse), the fluorescence follows an exponential decay
function.

This fitting function was tested on PMT signals obtained at ALFRED with
a very good signal to noise ratio. The resulting integrated signals agree with
the numerically integrated values within 3 % such that this method is considered
as reliable. A small overestimation of the fluorescence strength is present due
to the assumed temporal intensity profile of the laser which differs from the
experimentally observed one that is shown in figure 5.4. For the evaluation of
signals as obtained at BUG, the two parameters tpulse and τH are chosen as fixed
values. tpulse is obtained from a fit of the function to data obtained at ALFRED
and has the value tpulse = 6.5ns. Following the line of argument of chapter 5.6,
τH = 10ns is expected. This leaves C and t0 as open parameters that can be
optimized in the fitting routine. The result of this procedure is shown in figure 6.9
in red. This fit describes the obtained signal reasonably well. Integration of the
fit result gives the value of ∫ UPMT(t)dt. The uncertainty of this procedure is
assessed via the standard variation of C which is another result of the fitting
procedure, such that ∆C

C is added to the random error bar.

The acquisition of a single data point requires a total time of 80 s which is close
to the maximum plasma pulse length possible at BATMAN Upgrade. Therefore, a
line profile is obtained by performing TALIF measurements at subsequent plasma
pulses with the maximum length of 100 s while changing the laser wavelength
between two pulses. The presence of Cs in the ion source and its redistribution
during the plasma pulse cause a temporal instability during such long pulses
which manifests itself in a temporal variation of the emission of a Cs emission
line at 852 nm and the current of co-extracted electrons [WWR+21]. In order to
guarantee stable conditions during the TALIF measurements, Cs is not fed into
BUG during the conducted measurement campaign. Due to the high amount of
co-extracted electrons otherwise, no ion beam is extracted during the measurement
campaign at BUG. In order to put the measured H and D atom densities into
context of the extracted ion currents, the latter need to be determined for BUG
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pulses at equal source parameters while the source is cesiated and negative ions
are extracted.

In order to compare the TALIF results to OES measurements or the extracted
ion current obtained at the teststand with a cesiated ion source, the state of
over-conditioning has to be avoided. This is ensured by comparing the survey
spectrometer results on the Hα of the two BUG shots that are to be compared.

6.3.2 Saturation correction of the TALIF signals

In order to obtain a sufficient fluorescence strength such that the TALIF signal is
distinguishable against the Hα background, a laser energy of at least 120µJ per
pulse is necessary which was also used for the data in figure 6.9. This energy is in
the saturated regime such that the resulting H and D atom densities as determined
via TALIF would be underestimated. The saturation of the TALIF signal can be
assessed with a method introduced in [MRD+16]. Here the fluorescence signal F
is described by

F =
αE2

L
1 + β E2

L
. (6.2)

EL is the used energy per laser pulse in [MRD+16]. α corresponds to the
proportionality constant between integrated PMT signal and the squared laser
intensity. For a given atomic species, it depends on the transmission properties
of the fluorescence collection system, its observed volume and the efficiency of
the PMT. β describes the strength of the saturation and it depends solely on the
atomic species which is probed with the laser. In the TALIF diagnostic applied in
this work, E2

L translates to ∫ [UPD(t)]2 dt while F translates to ∫ UPMT(t)dt. A
saturated TALIF signal SH

TALIF can be corrected by multiplying it with the factor
(1 + β ∫ [UPD(t)]2 dt).

In [MRD+16], the values of β for Kr and H atoms are determined by performing
a scan of the energy per laser pulse and fitting equation (6.2) to the F (EL) data.
For the TALIF at BATMAN Upgrade, this is not possible since the quadratic
regime could not be reached due to the high Hα background. This would lead
to a high uncertainty for the determined β values. Instead, a scan of the energy
per laser pulse is performed for Kr with the TALIF system installed at BUG and
equation (6.2) is fitted to the resulting data giving βBUG(Kr). The same is done
with the energy scans performed at ALFRED with Kr, H and D atoms giving
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Figure 6.10: Integrated PMT voltage as a function of ∫ [UPD(t)]2 dt and fit of
equation (6.2). (a) Results for TALIF on Kr atoms at ALFRED and BUG. (b)
Results for TALIF on D and H atoms at ALFRED.

βALFRED(Kr), βALFRED(H) and βALFRED(D). βBUG(H/D) is then calculated by
scaling the β values via

βBUG(H/D) =
βALFRED(H/D)

βALFRED(Kr) ⋅ βBUG(Kr) . (6.3)

For this scaling it is assumed that the saturation occurs at the same laser
intensity in both experiments. It is necessary due to the differing conversion
factors between laser intensity at the experiment and the voltage measured by the
photodiode. The described fits are performed in figure 6.10 (a) and (b). In (a)
the two energy scans performed with Kr atoms both at BUG and ALFRED are
shown while in (b) the energy scans on H and D atoms at ALFRED are depicted.
Each graph contains the fit of equation (6.2) to the data points.
In general, the fits work very well for all four energy scans. With this the two

β factors for H and D atoms are determined to be

βBUG(H) = 4.9 × 108 (V2s)−1 and βBUG(D) = 9.3 × 108 (V2s)−1 .
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Figure 6.11: Two TALIF signals SH
TALIF observed at BUG for equal ion source

parameters but for differing values of the laser energy per pulse of 120 µJ and
170 µJ. The saturation correction after [MRD+16] is applied to the right data points
while the left data points are uncorrected.

At the energy per laser pulse of 120µJ, this corresponds to a correction factor of
1.5 in the case of H atoms and 1.9 in the case of D atoms. This is in the same range
as the corrections applied in [MRD+16] which implies that the correction procedure
is valid in general. The difference between the two correction factors for H and D
atoms is due to the observed difference of the quadratic regimes as discussed in
chapter 5.5. A benchmark of the saturation correction procedure is depicted in
figure 6.11 which shows two exemplary TALIF signals SH

TALIF which were recorded
for two BUG pulses with an H2 plasma at the same source parameters but with
the two differing laser pulse energy values of 120µJ and 170µJ. On the left side,
no correction is applied to the two measurements reflecting in a differing result
of the measurement. The data point obtained for 170µJ is below the data point
obtained for 120µJ confirming the saturation regime. When the correction is
applied to both data points considering their respective values of ∫ [UPD(t)]2 dt,
excellent agreement of the data is observed. The correction procedure is therefore
considered reliable within the considered range of energy per laser pulse.

With this procedure, a quantitative evaluation of the TALIF signals is possible
despite the low signal to background ratio by operating at elevated laser energies
in the saturated regime. The uncertainty of the β values for H and D atoms
is determined from the uncertainties obtained by the fitting of the respective
energy scans and summing them up with Gaussian error propagation. They are
considered as systematic errors and are added to the uncertainty that is outlined
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Figure 6.12: Two-photon absorption line profile measured at BUG in a H2 plasma
at 0.3Pa and 70 kW. Several line profiles are additionally depicted for comparison.

in chapter 5.2.4. For H atoms, the additional uncertainty is 13 % and for D atoms,
it is 15 %.

6.3.3 Observed line profiles

The two-photon absorption line profile as observed at BATMAN Upgrade for a
H2 plasma with a pressure of 0.3Pa and an RF power of 70 kW is depicted in
figure 6.12. In the wings of the profile, no evaluation of the TALIF signal could
be performed due to the noise level such that only the central part of the profile
can be measured reliably. For pressures between 0.3Pa and 0.6Pa at 70 kW no
substantial changes regarding the line profile were observed.

In addition, multiple calculated line profiles are depicted in order to assess the
temperature of H atoms. These represent convolutions of a Doppler broadened line
profile at a given temperature with the laser line width according to equation (3.10).
Within their error bars, the measured data points agree fairly well with the single
temperature line profiles for temperatures between 1500K and 2500K while the
profile arising from 2000K fits best to the measured data points. This coincides
with the value 2200K of the cold temperature that is reported in [FBH+21]. The
hot temperature that was determined in this study is 2.5 eV with a ratio between
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the two populations between 0.3 and 1. Assuming a two-temperature distribution
among the H atoms with this hot temperature of 2.5 eV, the data points can be
well reproduced with the additional cold temperature of 1500K assuming a ratio
of 1 between the hot and the cold populations. The resulting line profile is also
shown in figure 6.12. However, due to the noise level, a hot share would not be
detectable for the TALIF system. A two-temperature distribution of H atoms can
therefore neither be verified nor falsified with the installed TALIF system.

For the evaluation of the TALIF signals in order to determine nH, it is assumed
that the line profile follows a Gaussian as suggested by the line profile center.
Compared to this, the shown two-temperature distribution would cause an increase
of the determined H atom density by 50 %. This is determined by the ratio of the
areas of the corresponding line profile with the line profile for 2000K.

Line profiles were only recorded for a variation of pressure between 0.3Pa and
0.6Pa at an RF power of 70 kW. For all other conditions investigated in this work,
TALIF is only performed at the line profile center due to time constrains. In
those cases, a line profile needs to be assumed for the determination of nH. As
all observed line profiles had the same shape, a Doppler broadened line profile
at 2000K is taken for this. Due to this, an additional uncertainty is assigned to
the random error which is computed by varying the assumed temperature within
1500K and 2500K giving an upper and a lower boundary for the determined nH.
The error is the average deviation of the two nH values from the one determined
for 2000K and has a value of roughly 15 %.

For the operation of BUG with D2, at 0.6Pa and 70 kW a line profile was observed
which also resembles a Doppler broadened line profile for a D temperature of
2000K in the line center. Also here, the wings of the line profile could not be
resolved such that a two-temperature distribution of deuterium atoms can neither
be verified nor falsified. For the other ion source parameters investigated for D2,
TALIF was therefore only performed with a wavelength at the center of the line
profile and a Gaussian line profile for 2000K is used for the evaluation.

6.4 Variation of pressure and RF power

In order to investigate the behaviour of nH/D in the BATMAN Upgrade ion source,
two parameter variations are conducted. For H2 as working gas, these are a scan
of the RF power between 20 kW and 70 kW at the two pressures 0.3Pa and 0.6Pa
and a scan of the ion source pressure between 0.3Pa and 0.6Pa at a constant value
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Figure 6.13: Atomic densities in BUG determined via TALIF and OES for the
variation of the RF power at a pressure of 0.3Pa.

of the forwarded RF power of 70 kW. In D2, only the pressure scan is performed.
For all conducted experiments, the bias current to the PG is fixed at 5A and
current through the plasma grid (IPG) is kept at a value of 1.5 kA for H2 and
2.2 kA for D2 respectively. These are typical values that are applied during ion
beam operation. The higher IPG for the operation with deuterium is necessary in
order to limit the co-extracted electron current which is generally higher when
BUG is operated with deuterium [WWR+21].

6.4.1 Variation of the RF power

Comparison to OES

The nH values obtained for the scan of the RF power at a pressure of 0.3Pa are
depicted in figure 6.13. Both the results of TALIF and OES are shown. In the
case of OES, only the results of the two LOS close to the PG are shown in order
to compare them to the TALIF result. The two OES results agree well besides the
data points at 70 kW such that the H atom density is considered uniform within
the region observed by TALIF and OES.

While the nH values obtained by TALIF rise from 3 × 1018 m−3 to 4.5 × 1018 m−3

throughout the power scan, the values found with OES are systematically higher by
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∼ 50 %. This condition is the opposite as was observed in chapter 5.3 at ALFRED.
The relative behaviour observed with the two diagnostics is similar. Two points
can be raised in order to assess the difference between the two diagnostics observed
here:

• The TALIF density values that are shown here are measured only at the
center of the transition line profile and a Gaussian line shape at a temperature
of 2000K is assumed for the evaluation. A two-temperature profile as
suggested by OES would lead to an increase of nH by 50 % which is assigned
in figure 6.13 with the gray shaded area. In that case, TALIF and OES
coincide.

• The OES is evaluated using optically thin Yacora H and H2 results. On
the other side, the influence of photon re-absorption causes the resulting
nH value to drop as pointed out in chapter 5.3. The shown OES results
therefore overestimate the true H atom density in the plasma.

Adding the contributions of the two points, the OES value is again lower than
the result obtained by TALIF as is expected from the measurements at ALFRED.
However, the impact of both effects is uncertain. The stated value of 50 % refers to
a density ratio of cold and hot H atom population of 1. TALIF measurements at
a higher signal to noise ratio are required in order to determine the full line profile
to assess this. The impact of photon re-absorption on the determined nH can not
be estimated due to the complex geometry and spatial emission profile. Despite
this, the resulting nH values obtained with TALIF and OES are reasonably close
such that agreement between the two diagnostics is found.

Measurements in hydrogen at 0.3Pa and 0.6Pa

The nH values as determined by TALIF for the power scans at the two pressures
of 0.3Pa and 0.6Pa are shown in figure 6.14. As discussed earlier, nH rises from
3× 1018 m−3 to 4.5× 1018 m−3 for 0.3Pa (factor 1.5) while it rises from 4× 1018 m−3

to 10 × 1018 m−3 for 0.6Pa (factor 2.5) such that the H atom density increase is
weaker for the lower pressure.

An increase of nH with rising forwarded RF power as observed for both pressures
is generally expected in LPLT plasmas. This is due to the increase of ne (outlined
in chapter 2.1.2) enhancing the electron impact dissociation rate in the plasma.
The fact that this increase of nH is less pronounced for 0.3Pa compared to 0.6Pa
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Figure 6.14: Atomic densities in BUG determined for the variation of the RF
power for hydrogen at the two ion source pressures 0.3Pa and 0.6Pa.

can be attributed to neutral depletion which was already observed in BUG in
earlier studies [MW11, FGH+17, ZBLF22]. This effect describes the reduction of
the neutral particle densities in the plasma center compared to the region close to
the vessel walls and it is broadly reviewed in [Fru17]. The depletion of neutrals
can be caused by several possible mechanisms being elevated electron pressure
in the discharge center, heating of the neutral particles or strong ionization of
the neutrals within the plasma center. All of these are present at high RF power
and low pressure explaining the behaviour of nH at 0.3Pa compared to 0.6Pa.
In [MW11], the atomic to molecular hydrogen density fraction nH

nH2
is determined

both in the driver and close to the PG for a variation of the forwarded RF power
at 0.3Pa. Here, nH

nH2
is determined by measuring the ratio of the Hγ line emissivity

to the emissivity of the total Fulcher radiation and it is found to follow the relative
behaviour of nH at 0.3Pa in figure 6.14 closely. In [FGH+17], a scaled version of
the ion source of BATMAN Upgrade is modelled with a DSMC (direct simulation
Monte Carlo) code which models among others the H atom density and its energy
distribution function. A variation in power for different filling pressure values
gives a similar behaviour of nH as in figure 6.14. Ultimately, in [ZBLF22], the ion
source of BUG is modelled with a fluid model simulating the spatially resolved
properties of neutrals, electrons and ions. For a modelled pressure of 0.3Pa and
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Figure 6.15: Atomic densities in BUG determined for the variation of the ion
source pressure for hydrogen and deuterium.

varying RF power, the density of neutrals (sum of atoms and molecules) in the
ion source is observed to lower for increasing power.

6.4.2 Variation of the source pressure

The result of the TALIF measurements for the variation of the pressure in the
ion source is shown in figure 6.15. In general, the atomic density rises for both
isotopes, from 4.5× 1018 m−3 to 1.1× 1019 m−3 for the operation with hydrogen and
from 7×1018 m−3 to 1.3×1019 m−3 for the operation with deuterium. The obtained
values for the hydrogen plasma agree well with the previous results in figure 6.14.

The atomic density increase of deuterium compared to hydrogen corresponds to
a factor of 1.5 to 1.2 which coincides well with the value of 1.5 which is reported
in [FFF+06]. Again, several reasons can cause this isotope effect being the slower
diffusion of deuterium atoms to the vessel walls prior to recombination, the altered
electron impact dissociation cross section and a higher electron density which is
found in the driver for D2 plasmas [ZBF21].
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6.5 Discussion of the obtained results

The results of the TALIF measurements of nH and TH need to be checked for
consistency with the extracted negative ion current. In [WFA+17], it is shown that
the extracted negative ion current scales with the atomic to molecular hydrogen
fraction. However, the influence of nH and TH on the ion current is by no means
straightforward. Although these parameters determine the flux of H− ions that
is produced at the PG surface, the transportation of H− from the PG towards
the apertures contains more complexity. This process is investigated in [GWF09,
GWF10] exhibiting a strong dependence of the H− extraction probability on
the starting energy of the H− as well as their starting position and ion source
parameters such as the filter field strength. Following this, the negative ions are
extracted from the plasma. The extraction of negative ions is investigated for
example in [WML+21] while considering the complex magnetic field structure
close to the PG and showing its influence on the extraction of negative ions.
Summing up these considerations leads to a probability of H− extraction of
∼ 30 % [GWF09, GWF10] depending on the position of the H− creation.

For the performed estimation, these effects are omitted due to their complexity.
Physically speaking, an extraction probability of 1 for the H− that are produced
at the PG surface is assumed. H− ions that are produced at other surfaces in the
ion source are not considered for this estimation as their path to the extraction
apertures is long such that the extraction probability is even lower compared to the
PG. The produced H− flux leaving the PG is calculated using equation (2.28) with
input parameters of the TALIF measurements at 0.3Pa and 70 kW. Integrating
this flux over the total area of the PG gives the extracted ion current for an
extraction probability of 1. The resulting H− flux is

ΓH− = 6.5 × 1017 m−2s−1 .

This calculation depends on the negative ion conversion yield β−(vx) and the
perpendicular velocity distribution function fvx,H(vx) of the H atoms. The used
β−(vx) is taken from [SCI+96] and is shown in figure 2.4. It corresponds to a
work function of 1.5 eV. fvx,H(vx) is calculated for a Maxwell-Boltzmann VDF at
TH = 2000K and nH = 5 × 1018 m−3. For this, isotropy of the H atoms is assumed
since the H atom temperature determined by TALIF corresponds to the VDF
parallel to the laser beam which is parallel to the PG surface whereas the VDF
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for the velocity perpendicular to the PG is used in equation (2.28). Setting
ΓH− in relation to the impinging flux of H atoms on the PG surface yields a
conversion yield of below 0.01 %. The resulting H− current density is 0.1Am−2.
The dimensions of the PG are 305mm×125mm. Obviously, no H− can be produced
in the aperture holes such that their area is subtracted from the available area.
Out of 70 apertures, 10 were masked during the conducted experiments such that
a total area of 0.029m2 is left for H− production. The total H− current that is
produced at the PG is

IH
−

prod = 0.0029A .

This value needs to be compared to the extracted H− current from a BUG pulse
at comparable ion source parameters in a caesiated environment. This means also
that the work function is expected to be similar to the value that is used for the
calculation. In order to ensure that the presence of Cs in the plasma does not
affect the plasma in such a way that the two BUG pulses are not comparable, the
emissivities of the Balmer lines α to γ as well as the total Fulcher emission are
recorded with the survey spectrometer. The difference in the emissivities is below
15 % for each line and the respective line ratios εα

εβ
, εαεγ and εγ

εFul
are equal within less

than 10 %. Thus, the two pulses are considered as comparable. Under caesiated
conditions and applying an extraction voltage of Uext = 6V, the teststand yields
an extracted H− ion current of

IH
−

ext = 1.5A

which exceeds the estimated total produced H− ion current by more than two
orders of magnitude. Even using the highest values of nH and TH within their error
bars (nH = 7.5 × 1018 m−3 and TH = 2500K) gives a total produced current of only
0.014A emerging from the steep incident energy dependence of the conversion yield.
At higher temperature, more energetic H atoms impinge the conversion surface
leading to a strongly increased amount of produced H− ions. The discrepancy
between the estimated and the measured H− current could be accounted for by
mainly three points.

• The presence of a hot share of H atoms is reported in [FBH+21]. The
two-temperature distribution of H atoms that is depicted in figure 6.12 with
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a hot temperature of 2.5 eV and a cold temperature of 1500K gives a value
of the produced H− current of

IH
−

prod = 10.2A .

For this calculation, the H atom density is evaluated for the two-temperature
line profile which leads to an increase of 50 % of the total H atom density
whereas the ratio of the hot and the cold population is 1:1. This estimate is
more compatible with the measured extracted ion current since generally
an extraction probability considerably lower than 1 is expected [GWF09,
GWF10]. The presence of a highly energetic share of H atoms is further
backed by the results of the DSMC code modelling a scaled version of the
ion source of BATMAN Upgrade reported in [Koh15]. From the modelled
velocity distribution function of H atoms near the PG, the generated flux
of H− is calculated to be 700Am−2 at a H atom density of 9.3 × 1018m−3.
Scaled to the density which is observed in this work and integrated over the
PG surface, this corresponds to a produced H− current of

IH
−

prod = 10.8A ,

which is also compatible with the observed extracted negative ion current.
In general, a hot share of H atoms could therefore close the gap between
the extracted H− current and the expected surface-produced current from
the PG based on the observed central part of the H atom line profile.

The presence of this hot population of H atoms could not yet be verified
in the experiment directly as OES only investigates excited state atoms.
This verification is possible with TALIF as these atoms are visible in the
wings of the observed line profile. In that region, the noise level is very high
and measures must be taken against it to carry out this verification. These
could be an improvement of the light collection, the data acquisition and
the evaluation procedure.

• Fast positive ions could play an important role i nthe formation of negative
ions at the PG. They can be accelerated by the plasma potential within the
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ion source which drops between the driver region and the expansion region
towards the PG. This potentially leads to an acceleration of positive ions
towards the PG [Bac12]. This could lead to high fluxes of energetic positive
ions which leads to a considerable production of negative ions. A thorough
treatment of this matter results in a minor role of positive ions in the H−

production [WSM+12] which is also backed by the result of the DSMC model
in [Koh15]. However, quantitative measurements of the positive ion flux on
the PG have not yet been conducted at BATMAN Upgrade such that these
findings are not fully validated yet. Such measurements could help in order
to understand the relevance of this process.

• The calculations of the expected extracted H− current are based on the
negative ion yield that is calculated in [SCI+96] for a work function of
χ = 1.5 eV. Recent measurements of the work function in a H2 plasma
environment revealed work functions down to 1.25 eV [HFF22]. According
to equation (2.27), a lower value of χ leads to an exponential growth of
the conversion yield such that a higher negative ion flux is expected if a
work function on the order of 1.25 eV is present at the surface of the PG.
In [BW13], negative ion yields are estimated for varying work function
values between 1.4 eV and 2.2 eV. Extrapolating the obtained results down
to χ = 1.25 eV and comparing this to the result for χ = 1.5 gives an increase
of the yield by a factor of less than 2 which is not sufficient in order to
explain the orders of magnitude that are required in the present case.

Thus, the apparent discrepancy between the H− current that is expected from
the measured nH and TH and the extracted H− current can be resolved on multiple
ways such that the measured data is reasonable in the context of the other
parameters that are known from the ion source. The most promising being the
presence of highly energetic H atoms which dramatically increases the conversion
yield due to its strong dependence of the incident H atom energy. These energetic
atoms could be verified by improving the sensitivity of the TALIF system.



125

7 Summary and Conclusions

One of the key components of the experimental nuclear fusion reactor ITER
that is currently under construction is the neutral beam injection (NBI) which
is used in order to sustain the temperature of 150 million °C within the fusion
plasma and to drive a current in the plasma center. The ITER NBI is based
on a source of H−/D− ions which are accelerated with a high voltage of up to
1MeV and subsequently neutralised in a gas target. The negative ion source has
to satisfy high demands concerning the delivered ion beam current, its uniformity
and temporal stability during pulses of up to one hour length. It is built after the
tandem principle where an inductively coupled hydrogen1 plasma is created in
the driver and expands in turn towards the plasma grid. During the expansion,
electrons are cooled due to the presence of a magnetic filter field such that an
environment is created close to the plasma grid which reduces the destruction
of H− by electron collisions. H− is believed to be predominantly created at the
plasma grid surface via the conversion of hydrogen atoms. In order to enhance
the probability of this process, the plasma grid is covered with caesium lowering
the work function of the plasma grid surface. Subsequently, the produced H− is
extracted through the plasma grid and accelerated towards the desired energy.
The teststand BATMAN Upgrade is operated in order to conduct research

and development aimed towards further optimisation of the ion source towards
ITER and beyond. The ion source of BATMAN Upgrade (1/8 the size of the
ITER NBI ion source) is operated with an RF power of up to 100 kW and the
ions are extracted and accelerated with a high voltage of up to 45 kV. It can
be operated with both H2 and D2 from the ITER-relevant pressure of 0.3Pa to
0.6Pa. The produced H− flux from the PG surface into the ion source depends
directly on the H atom density and temperature (nH and TH respectively) such
that the knowledge of these parameters in the vicinity of the plasma grid and
their dependence on the ion source parameters is of great importance for further
optimisation of the source. Until now, these parameters were determined indirectly

1The term hydrogen denotes the two isotopes hydrogen and deuterium in the following.
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via optical emission spectroscopy (OES). nH was determined by comparing the
plasma emission originating from the region close to the plasma grid to a collisional
radiative model and TH results from the broadening of the Balmer lines. In earlier
studies, values of nH between 6 × 1018 m−3 and 2 × 1019 m−3 have been found close
to the plasma grid depending on the source operation parameters. In the case
of TH, a two-temperature distribution among H atoms was found suggesting a
hot share of H atoms at a temperature of 2.5 eV while the cold temperature is at
2200K. However, the plasma close to the plasma grid is recombining such that the
plasma emission depends on multiple further species densities and temperatures.
This allocates the determination of nH via OES with high error bars. TH is
determined strictly speaking only for the excited state H atoms as their emission
is investigated. This temperature is not necessarily equal to the ground state
temperature. A direct determination of nH and TH is therefore strongly desired.
The aim of this work was therefore the installation of a two-photon absorption
laser induced fluorescence (TALIF) diagnostic at BATMAN Upgrade offering this
direct access. This technique is well established for hydrogen plasmas but has
never been demonstrated at negative hydrogen ion sources so far.

TALIF is based on the excitation of ground state H atoms into the n = 3 state
via the simultaneous absorption of two photons at 205.08nm emitted by a laser.
Subsequently, the excited H atoms decay in the course of the Hα transition at
656.3nm and the generated fluorescence is collected by a photomultiplier tube
(PMT). The fluorescence signal is measured for varying the laser wavelength
such that the two-photon absorption line profile is recorded. From this, the
temperature of H atoms can be deduced if Doppler broadening is the main
broadening mechanism and spectral integration of the line profile yields the
H atom density. For absolute density values, the TALIF system needs to be
calibrated. For this, krypton gas at a known density is filled into the investigated
experiment as it exhibits a two-photon transition at 204.14 nm within the spectral
range of the laser. This transition is probed and the recorded signal of the resulting
fluorescence at 826 nm is compared to the hydrogen signal for calibration. The
two-photon absorption cross section is very low such that a pulsed laser system is
necessary for the generation of a laser beam at sufficient intensity. This system
consists of multiple laser stages and further optics are employed for the diagnostic
such as attenuation optics and the PMT. These need to be adjusted and tested
prior to the measurements which is barely possible directly at the ion source
due to the harsh RF and high voltage environment limiting the access to the ion
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source. Therefore, TALIF was assembled and tested thoroughly at the small-scale
inductively coupled plasma experiment ALFRED which was specifically built
for this during this work. In a second step, the diagnostic was transferred to
BATMAN Upgrade and installed there.

The TALIF system which was assembled consists of a three-stage laser system
containing a frequency doubled Nd:YAG laser (100Hz repetition rate) seeding a
dye laser. The output of the dye laser is frequency tripled resulting in the laser
pulses around 205 nm. The laser was operated at an output energy per laser pulse
of 600 µJ. After the laser exit, a λ/2 plate and a Rochon polarizer serve as a
variable attenuator and a photodiode is used in order to monitor the laser intensity.
The optical system can be connected to BUG and ALFRED with a laser beam
guided built of multiple mirrors. At the respective experiment, the fluorescence is
collected with a lens system and optical fibre equipped with spectral filters for the
H and Kr fluorescence. A PMT is connected to the other end of the fibre serving
as a light detector.

At ALFRED, the fluorescence collection system was calibrated concerning its
transmission which consists of the filter transmissions and the transmission of
the fibre for the H and the Kr fluorescence. In addition, the sensitivity of the
PMT at the two fluorescence wavelengths of H and Kr is cross calibrated with
the spectrometer which is used for OES. Both for the filter transmissions and the
PMT sensitivities, a considerable deviation from the specified values was observed
underlining the need for this calibration. Preliminary TALIF experiments were
performed on krypton with the aid of testing the measurement procedure and
determining the line profile of the laser. A fluorescence decay time close to the
literature value of 28.5ns was observed for Kr pressures between 1Pa and 10Pa
demonstrating the absence of quenching in this pressure range. Saturation of the
TALIF signal was observed for a laser energy per pulse higher than 25µJ. The
line shape of the laser was found to cause an effective broadening of the hydrogen
absorption line profile of 1 pm which is corrected for the TH determination. TALIF
measurements on hydrogen exhibited a fluorescence decay time that depends
on the density of H atoms and is between 11 ns at nH ∼ 1019 m−3 and 14 ns at
nH ≳ 2 × 1020 m−3. This hints towards the presence of l-state mixing causing a
decay time of 10ns in combination with photon re-absorption prolonging this
decay time. As well, the saturation regions of the TALIF signals were evaluated
for hydrogen and deuterium. The TALIF system proved to be reliable and the
average fluorescence signal of 300 laser pulses was sufficient for the evaluation.
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This system was automatized within a LabVIEW program developed for this
purpose.

The aim of the investigations at ALFRED was the use of TALIF for a broad
range of measured H atom densities for a thorough validation of the implemented
setup and in order to operate it at similar H atom densities as expected at
BATMAN Upgrade. This was achieved by operating TALIF on H2 plasmas at
varying pressure as well as plasmas containing a mixture of H2 and He with low
hydrogen content. Further, D2 plasmas were investigated in order to determine
the influence of a change between the two isotopes hydrogen and deuterium. For
all measurements, the TALIF results are compared to measurements with OES.
The determined H atom densities were in the range between 2 × 1019 m−3 (in the
H2/He mixture plasma) and 2 × 1020 m−3 (for the pure H2 plasma). In the course
of this, the relative behaviour of nH can be explained by the behaviour of ne and
Te. This was confirmed by comparing the TALIF results in the H2 plasma to a
dissociation model. ne and Te follow the behaviour as outlined by global power
and particle balance models. When operating ALFRED with deuterium an atomic
density between 2 × 1020 m−3 and 5 × 1020 m−3 was observed which is higher by
factor of 2.5 compared to H2 plasmas at the same pressure and, however, lower
power coupled to the plasma. This isotope effect could be caused by the mass
dependence of diffusion causing a slower atomic deuterium loss at the plasma
vessel walls or the isotope dependence of the electron impact dissociation cross
section. However, both effects are not pronounced enough to account for the
factor 2.5 such that the full reason remains unresolved. The atomic temperature
was found to be in the range between 400K and 700K and reasonably close to
the gas temperature determined by OES. A comparison of the atomic density
determined by TALIF and the corresponding result by OES using the optically
thick evaluation yields that the OES data is systematically lower than the TALIF
data by a factor of 1.5 to 2.5 for hydrogen and 3 to 3.5 for deuterium. In order
to determine the cause of this, OES was also evaluated optically thin revealing
an increase of nH which was, however, not sufficient for resolving the discrepancy
although completely neglecting the process of photon re-absorption. This leaves
uncertainties in the TALIF calibration as well as a possible underestimation of
the Hα branching ratio in the evaluation of the TALIF results as further possible
causes of this overestimation. Both effects lead to an overestimation of nH by
TALIF. Therefore, the two diagnostics agree reasonably well in an ionizing plasma.
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With this experience, the TALIF could be transferred to BATMAN Upgrade.
The connection of the laser to BUG was established by using guiding mirrors
which are enclosed by PVC tubing. PVC tubes are also used in order to enclose
the the laser beam over its full length of 12m. They were attached to the floor or
the ceiling in order to minimize vibrations. This results in a total transmission
of 30 % of the laser beam such that a maximum energy per pulse of 200µJ was
achieved within the ion source. The laser was guided into the ion source at
a distance of 2.5 cm from the plasma grid and the fluorescence was collected
perpendicular to the laser beam. A slit mask of 3mm was used in order to limit
the background radiation of the plasma and 4000 laser pulses were used for the
measurement of one data point in order to minimize noise. Nevertheless, the
radiation background of the plasma was observed to be higher by a factor of 10
compared to the fluorescence signal and considerable noise was present in the
signal. The evaluation of the TALIF signals was therefore only possible close to
the center of the two-photon absorption line profile by operating the laser energy
in the saturation regime. Absolute densities were determined by correcting the
saturation.

With this setup and evaluation, the very first TALIF measurements at a negative
hydrogen ion source were possible. The dedicated TALIF campaign at BATMAN
Upgrade was carried out without Cs evaporation into the ion source in order
to guarantee the stability of the plasma during the TALIF signal acquisition
and no negative ions were extracted. The campaign consisted of a pressure scan
(0.3Pa - 0.6Pa) at 70 kW both with H2 and D2 plasmas and a power scan (20 kW
- 70 kW) at 0.3Pa and 0.6Pa with a H2 plasma. Line profile measurements could
only be performed in the line center due to the low signal to noise ratio at the
wings of the line profile. The central part corresponds to an atomic temperature
between 1500K and 2500K for all investigated pressures both in hydrogen and
deuterium. A second hotter component of the atomic energy distribution function
could not be confirmed due to the low signal quality in the line profile wings. The
absolute densities observed with TALIF were in the range between 3 × 1018m−3

and 1.1 × 1019 m−3. For high power at 0.3Pa, the effect of neutral depletion was
observed. In the D2 plasma, the atomic density was found to be systematically
higher compared to hydrogen by a factor of 1.2 to 1.5 exhibiting an isotope
effect concerning the atomic density. The TALIF results were compared to nH
determined by OES. Here, the OES results were systematically higher than the
TALIF results by a factor of 1.5. Partly, this can be explained by the fact that
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the OES evaluation was performed optically thin such that nH is overestimated
by this diagnostic. Further, a two-temperature line profile was not considered for
TALIF causing a possible underestimation of nH by TALIF if that distribution is
present in the plasma. Considering this, the OES was therefore found to be in
good agreement with TALIF also in the recombining plasma.
The nH and TH determined by TALIF were used in order to estimate the

extracted ion current from the ion source and compare this value to the current
measured with a cesiated ion source at comparable source parameters. The
expected H− production at the plasma grid due to the observed H atoms can
not account for the extracted H− current. This discrepancy could be resolved by
assuming a hot population of H atoms or by a more relevant role of positive ions
in the H− production. An improvement of the TALIF signal to noise ratio at the
line profile wings of the transition could resolve this issue by verifying or falsifying
the presence of hot H atoms.
Summarizing this, the TALIF diagnostic could be implemented at

the negative hydrogen ion source BATMAN Upgrade despite the mul-
tiple challenges that needed to be overcome. This marks the first
time that TALIF is performed at such a source. The challenges could
be overcome by first installing TALIF at the small scale experiment
ALFRED collecting experience and setting up the measurement proce-
dure. With this experience, the transfer of the laser beam to BATMAN
Upgrade could be accomplished and the TALIF signal could be made
visible against the strong Hα background such that quantitative mea-
surements were possible. However, an improvement of the system is
still possible by increasing the signal to noise ratio making the wings
of the TALIF line profile accessible.
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