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Chapter 1

Introduction

Throughout the history of physics, hydrogen is one of the most studied sub-
stances on earth. This stems both from its ubiquity as an element - most
matter in the universe is hydrogenic in nature - and hydrogen’s simple structure
as atom, ion and molecule makes it an ideal substance to study and theorize
about. This is reflected in many fundamentals of physics - for instance, Bohr’s
atomic model was based almost solely on explaining the spectral emissions of
hydrogen, and to this day forward, the hydrogen atom alone can be fully calcu-
lated from the Schrödinger equation in quantum mechanics.

Hydrogen plasma too is very common (the most well known source of hydro-
gen plasma of course being the Sun), although this has for most of our history
been far out of our reach as we lacked the methods to generate the necessary
conditions for gases to ionize and turn into a plasma. The study of artificial
hydrogen plasma holds promising results for the future - one such application
being in fusion reactors. [1]

A well-studied way of generating an artificial hydrogen plasma is the cas-
caded arc, on which a substantial amount of research has been done on the TU/e.
For specific hydrogen studies, I will refer mostly to a few previous studies on the
cascaded arc hydrogen plasma at the TU/e: the calculations done to character-
ize density and temperature of ground-state atomic hydrogen through TALIF
by S. Mazouffre [2], the TALIF measurements done on the atomic ground state
of a nonmagnetized hydrogen plasma by R. van den Bos [3], and the measure-
ments done on a magnetized plasma by W.J. van Harskamp [4], in which higher
states of atomic hydrogen were measured. Building on this previous work done
on atomic hydrogen behaviour in plasma, my goal within this bachelor project
will be to characterize the behaviour of atomic ground state hydrogen under
magnetization.

To do measurements on a magnetized plasma, the TALIF (Two-photon
Absorption Laser Induced Fluorescence) technique is employed to excite the
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ground state hydrogen atoms to the (n = 3) level, after which the atomic flu-
orescence can be picked up by recording the Hα spectral line of the Balmer
series (the Balmer series contains all hydrogen emissions from electron states
(n = m)→ (n = 2)). TALIF can be employed to measure the spatially resolved
density and temperature of ground state hydrogen while being non-intrusive
and having a good spectral resolution. However, for this specific experiment it
can also be observed that TALIF runs into challenges when used on a cascaded
arc hydrogen plasma - challenges which I have run in to, and will try to describe
as well in this report.
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Chapter 2

Theory

2.1 Plasma generation and characterization

Plasma as a state of matter is not common on earth, because high energies are
necessary to separate electrons from the atom nuclei. Therefore, a plasma is
generated from a neutral gas by supplying enough energy to the gas to ionize
the electrons from their parent nuclei. [5] A variety of techniques exist for sup-
plying this energy: supplying an excess of thermal energy, compressing a gas to
raise its temperature to plasma levels, or using highenergetic beams to supply
the necessary energy. However, discussing these sources of plasma falls outside
the scope of this report and as such will be discussed no further.

Figure 2.1: A schematic drawing of the cascaded arc setup used in the PLEXIS
setup. [6]

Another way of supplying the gas with enough energy to ionize the electrons
is by applying a strong electrical field to ionize the electrons. The particu-
lar source that will be discussed and used in the experiment is the cascaded arc
setup. First introduced in 1956 by Maecker [7], a substantial amount of research
on the cascaded arc setup has largely been concentrated around the TU/e. [6]
[8]. The cascaded arc consists of a single anode, a series of copper plates that
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form a channel of around 4 mm and three cathodes.

The method by which the cascaded arc generates a plasma jet is by putting
a strong ionizing current on the hydrogen gas which separates the electrons from
parent nuclei and as such causing a plasma. When reaching the nozzle of the
cascaded arc, the plasma expands into a vacuum vessel - it is the properties
of this specific hydrogen expansion that will be studied in this report under
magnetization.

As outlined by Vankan [9] the plasma outside the arc ends up recombin-
ing not far off the arc nozzle, leading to a gas expansion containing mostly H
and H2 atoms and molecules, making it possible to measure the density of the
expanding plasma by spectroscopical methods that work through exciting elec-
trons to a higher state within an atom of hydrogen. The measurements done in
this report all involve atomic hydrogen H as opposed to molecular hydrogen H2.

To characterize the magnetized hydrogen plasma flow from a cascaded arc,
Qing defines three different regimes within the magnetized hydrogen expansion
[10]. Since the plasma that was studied in this report consisted of a blue head
with a red body close to the arc (see also Figure 2.2) it follows that this specific
plasma falls within the atomic regime - a regime characterized by emissions
stemming from atomic radiation. These atomic emissions result from Balmer
emissions in the visible spectrum [11] - the red region of the plasma is Hα

radiation whereas the blue region contains mostly Balmer emissions Hβ , Hγ

and higher.

Figure 2.2: Visual behaviour of the hydrogen plasma expansion under magneti-
zation.

A magnetized cascaded arc hydrogen plasma differs from the unmagnetized
case in the presence of two different regions in the magnetized plasma, whereas
an unmagnetized plasma lacks a red-blue transition (the entire unmagnetized
case is mainly red from Hα but less bright than the magnetized case), and
other phenomena such as shockwave behaviour are more pronounced within a
magnetized plasma. This difference is also visible in measurements: shockwave
behaviour is visible in measurements on the magnetized case, whereas nonmag-
netized measurements result in a flatter profile without a shockwave.
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2.2 The H-alpha transition

Measurements by fluorescence on a hydrogen plasma are frequently carried out
on the so-called Hα transition. This transition is the first transition in the
Balmer series of hydrogen spectral lines, namely the line associated with the
(n = 3)→ (n = 2) transition within a hydrogen atom. Using the Balmer-alpha
transition has the convenience of being in the visible spectrum and being the
lowest reachable transition from (n = 3), and is therefore commonly used on
atomic hydrogen measurements.

The spectral line of this transition can be approximated using the Bohr
model for hydrogen and the Rydberg formula:

1

λ
= RH

(
1

n2
− 1

m2

)
(2.1)

with the Rydberg constant RH = 1.09737 × 107 m−1 and formula taken from

[12] to calculate the wavelength of this emitted photon from (m = 3) to (n = 2):

1

λ
= RH

(
1

4
− 1

9

)
= RH

(
5

36

)
(2.2)

λ =
36

5× 1.09737× 107
≈ 656 nm (2.3)

Note however that this value is not completely accurate. As value for the precise
wavelength of the Hα transition, λα = 656.33 nm was used - source [2]

Likewise, it is possible to approximate the wavelength of the photon needed
to excite the hydrogen atom from the ground state (n = 1) to the (m = 3) state:

1

λ
= RH

(
1− 1

9

)
= RH

(
8

9

)
(2.4)

λ =
9

8× 1.09737× 107
≈ 102.5 nm (2.5)

With the technique of TALIF (later on explained in chapter 2.4) two photons
of double this wavelength approximated can be used to excite the ground-state
hydrogen atom to a (n = 3) state. When however trying to describe the possi-
ble transitions within the three lowest states of hydrogen, it is necessary to take
into account that the technique of TALIF causes the transition from the (n = 1)
to the (n = 3) level with two photons. Because two photons are used, the fine
structure selection rules become different to those of a single-photon transition
as explained in [13].

Taking now a fine structure view from atomic hydrogen’s ground state 12s1/2,
two-photon selection rules are applied. For two photons of equal frequency the
two-photon selection rules state that the ∆l = 0 → 1 transition is forbidden -
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these are the 1s→ 3p transitions.

Starting from the ground state 12s1/2 it must therefore hold that the states
that can be reached are 32s1/2 and 32d5/2, 3

2d3/2. Normal single-photon se-
lection rules apply to the fluorescence transitions: allowed transitions are the
3s → 2p and 3d → 2p transitions, since for a single-photon transition it must
hold that ∆l = ±1 [14]. This selection rule also forbids a spontaneous transi-
tion to the 12s1/2 level, therefore any effects involving a spontaneous transition
back to the ground state can be ignored. It is now possible to characterize the
two-photon transition as consisting of multiple excitation and fluorescence pro-
cesses, shown in figure 2.3.

Figure 2.3: Diagram of the transitions governing two-photon absorption and
fluorescence behaviour.

2.3 LIF

To excite the atom up to the energy level of (n = 3), a laser beam with this
specific energy is required, and thus we get to the technique of Laser Induced
Fluorescence (LIF). LIF is an optical measurement technique with many ap-
plications in physics. It has the advantages of being non-intrusive and highly
sensitive - atoms and molecules do not undergo lasting changes from photons as
the excited states relax back to the original state, and LIF can be used to gain
a good spatial resolution by moving the sample through the laser..

LIF works through exciting the measurement sample with a laser beam.
Depending on the choice of wavelength for the laser, an amount of atoms will
be excited by the laser. When the excited atoms relax to a lower state due to
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spontaneous emission, a photon with wavelength ν is sent out defined by the
equation [15]

ν =
Eb − Ea

h
(2.6)

with Eb the excited state and Ea the state to which the electron drops. Since
the wavelengths of photons sent out by spontaneous emission are well-defined,
it is possible to specifically look for photons of a certain wavelength as evidence
of a spontaneous emission. These photons are collected in by a photodetector
and measured.

Taking a generalized case for the transitions from Hn=1 to Hn=3 and Hn=3

to Hn=2 yields
E(Hn=1) + hν1 → E(Hn=3) (2.7)

E(Hn=3)→ E(Hn=2) + hν2 (2.8)

Therefore, the most simplified case of characterizing these transitions is to
use a three-level system of Hn=1, Hn=2, Hn=3, shown schematically in figure 2.4.
While the Hn=3 level consists of two sublevels as explained in chapter 2.2, these
can functionally be considered the same, as both of them are only reachable
from the ground state and both can only relax to the Hn=2 state.

Figure 2.4: Diagram of the transitions within a simplified three-level system of
LIF. The dashed transition from n = 3 to n = 2 is the one that will be measured.

At the most basic level of description of the process, there are three types
of electromagnetic processes that need to be considered for the rate equations
that govern the behaviour of the transitions:

1. absorption: a photon is absorbed by an H-atom and transitions into an
higher excited state
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2. spontaneous emission: a photon is emitted by an H-atom without any
influence of external EM-radiation

3. stimulated emission: a photon is emitted by an H-atom under the influence
of external EM-radiation

In addition to electromagnetic effects from the laser, there is also a collisional
component to be considered within the excitation scheme as particles can also
change states by collisional energy transfer [17]. With a collisional quenching
factor added, the three-level model considers the factors NaWab (laser induced
absorption and emission behaviour), NaQab (collisional induced absorption and
emission behaviour), and NaAab (spontaneous emission behaviour). While there
also exists the effect of laser-induced ionization (in effect, this is an absorption
process NaAa∞) the possibility for this effect is small at low laser power, and
as such can be considered negligible within the scope of the report.

According to this (slightly simplified) model of the ground state excitation
and fluorescence radiation, a system of three rate equations for the three-state
system (using Ng - ground state (n = 1), Ne - excited state (n = 3), Ni -
intermediate state (n = 2) can be derived. For absorption and emission pro-
cesses, the transfer rate scales linearly with the population of the state and a
rate coefficient for the transition.

The three governing rate equations can now be laid out as

dNg
dt

= −Ng(Wge+Qge+Qgi+Age)+Ne(Weg+Qeg+Aeg)+Ni(Qig+Aig) (2.9)

dNe
dt

= −Ne(Weg +Qeg +Aeg +Qei +Aei) +Ng(Wge +Qge) +Ni(Qie) (2.10)

dNi
dt

= −Ni(Qie +Qig +Aig) +Ng(Qgi) +Ne(Qei +Aei) (2.11)

While these rate equations can be greatly simplified, it is necessary to intro-
duce the mechanism of TALIF first to explain certain generalizations.

2.4 TALIF

Two-photon Absorption Laser Induced Fluorescence was first demonstrated for
the generation of Hα emissions in [18]. TALIF uses the same principles as LIF
but applies them using two photons instead of one to excite the atom. It is pos-
sible to use two photons of different wavelength to achieve the energy necessary
for excitation, and this method brings several advantages with it as well as seen
in [19]. The setup that was used in this series of experiments however uses two
photons of equal wavelength as this minimizes the amount of optical manipu-
lation necessary to generate the photons for TALIF. In the remainder of the
theory, calculations will be made under the assumption that the two photons
have the same wavelength, and unequal photon TALIF will not be discussed
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any further within this report.

When seeking to excite ground-state hydrogen atoms to any (n = 3) state
a TALIF setup with two photons of wavelength λ ≈ 205 nm avoids the opera-
tional difficulties that a single LIF transition would run into as explained in [20].
Because the photon needed for the transition λ1→3 ≈ 102.5 nm is in the vacuum
UV region of radiation, transferring the laser beam from the optical table to
the measurement setup would not be possible to do through air anymore, as
vacuum UV photons end up interacting with air. However, it is not without its
drawbacks - TALIF will necessarily have to work with a smaller measurement
signal than regular LIF, which will be explained later.

Returning now to the system of rate equations: Since the intermediate state
Ni has a shorter radiative lifetime than the excited state Ne by an order of
magnitude [21] it is a straightforward assumption that Ni << Ne << Ng, and
therefore that any effects related to the intermediate state will be negligible (as
it will decay to the ground state on a much faster time scale than the excited
state). As such there is no need to calculate a rate description of the interme-
diate state as it will not have a significant effect on the fluorescence effect.

Now use the assumption that the laser power is not high enough to cause
saturation as measuring within the saturated range takes out linear behaviour
of the system with laser power. It is reasonable to assume that the fluorescence
process will not cause a significant change in ground state population, soNg(t) ≈
Ng(0). Other factors that can be removed is the spontaneous emission Aeg, as
this single-photon transition is forbidden and quenching effects from Ng → Ne
(small in comparison to the laser-induced term. Within a two-photon process,
there is no stimulated emission as the wavelength of the laser photon differs
from that of the transition. The system then becomes:

dNg
dt
≈ −NgWge(t) (2.12)

dNe
dt
≈ NgWge(t)−Ne(Aei +Qei) (2.13)

Since the assumption that Ng(t) ≈ Ng(0) still holds, the rate equation for
the excited state can now be integrated as in [22] to yield

Ne(t) ≈ Ng
∫ t

0

Wge(t
′) exp−(Aei +Qei)(t− t′)dt′ (2.14)

At this point it is useful to define an absorption cross section for the absorption-
related term (Wge) within this equation. This is a generalization in which a small
’cross section’ σ1→3 is defined as a region around the absorbing material that if
a photon crosses the threshold of the absorption cross section, the photon will
always be absorbed and the transition that is related to it will occur. It has
no relation to any geometrical cross section of the absorbing medium but is an
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useful tool for characterizing absorption processes and equations in TALIF. [23]

Such a generalized notion of an absorption cross section does not necessarily
require the absorption transition to consist of a single photon. It is also possi-

ble to generalize an absorption cross section σ
(2)
1→3 for a two-photon transition,

though this cross section will by necessity be smaller than σ1→3 as the probabil-
ity of a two-photon transition happening is smaller than a transition involving
a single photon (for instance [2] gives the cross sections for a two-photon exci-
tation process in the order of 10−44)

Using this excitation cross section the relation for the excitation rate be-
comes, as stated in [22]

Wge(t) = σ(2)G(2)g(∆ν)

(
I0(t)

hν

)2

(2.15)

with ν the excitation wavelength, h Planck’s constant, I0 the averaged laser
power, G(2) the photon statistic factor (dependent on the laser type used - for
dye lasers this factor is stated to be equal to 2) and g(∆ν) the normalized
lineshape factor of the transition. The lineshape factor is dependent on the
Gaussian shape of the frequency response - as this lineshape is normalized, it
will be possible to not calculate it explicitly and integrate it out later.

If the assumption that the only light falling into the photodetector is fluorescence-
related light from the 3→ 2 transition is correct, it is possible to state that the
amount of emitted fluorescence photons is the total of photons that undergo
the spontaneous Aei transition. To achieve this a bandpass filter needs to be
placed in front of the PMT as to filter out the light at wavelengths unrelated to
the fluorescence transition. (Unfortunately, as we will find out later, not all the
light taken in by the PMT even with a bandpass filter will be related to this
transition. More on that later - for now this assumption will be used.)

Nph = Aei

∫ ∞
0

Ne(t)dt (2.16)

When filling in equation 2.14 earlier obtained for the excited state, this turns
into

Nph = Ne
Aei

Aei +Qei

∫ ∞
0

Wge(t
′)dt′ (2.17)

Then, filling in equation 2.15 for excitation resulting in a measure of the total
emitted fluorescence [24]:

Nph = Ne
Aei

Aei +Qei
G(2)g(∆ν)σ(2) I2

(hν)2
(2.18)

In turn, this factor can be used to calculate the strength of the detector signal
by multiplying in a factor F = V Ω

4πTη [2]. This factor consists of the experi-
mental detector parameters - detection volume V , detection branch solid angle
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Ω, quantum efficiency of the detector η, and transmission coefficient T . Note
here that T and η are not necessarily the same for measurements on different
media. As the total TALIF signal on the PMT has been integrated over time,
the lineshape function g(∆ν) reduces to 1.

Sph = Ne
Aei

Aei +Qei
G(2)σ(2) I2

(hν)2
V

Ω

4π
Tη (2.19)

Replacing the first fraction in 2.19 by the Stern-Vollmer factor Aei

Aei+Qei
= Aeiτe

[2] yields a scaling factor for the TALIF signal: [16]

Sph ∝ NeAeiτeiσ(2) I2

(hν)2
Tη (2.20)

This factor will be convenient to use in the calculations of the density of the
hydrogen plasma.

2.5 Density measurements

To obtain a density from a TALIF measurement, the spectral profile result-
ing from a TALIF measurement is integrated to calculate a value for the total
amount of fluorescence detected. An integrated profile is necessary because of
several line broadening factors that cause a shift in wavelength. These factors
will be described in chapter 2.6.

After having derived some of the scaling factors involving the relation of
the strength of the TALIF signal and the density of the ground state hydrogen
atoms being measured, there are still several factors undetermined with relation
to the absolute density of the ground state of the hydrogen plasma. While it is
reasonable at this point to assume that the TALIF signal gives a good measure
for the relative density of ground state hydrogen, this does not go for absolute
density. Recall the scaling factor that gave a measure for the ratio between the
signal for hydrogen and the hydrogen density from equation 2.20:

Sph ∝ NeAeiτeiσ(2) I2

(hν)2
Tη

As explained in [22], a way to acquire the absolute density of the atomic ground
state hydrogen within the plasma measured is to take another TALIF measure-
ment with the same optical system for another substance. This other substance
should have a well-known value for its density, which can then be used to cal-
ibrate the density of the plasma. With experimental factors for the optical
setup, a TALIF measurement on a well-known value will give a scaling factor
for the measured density against the absolute density. This results in a ratio by
which in turn the absolute density of the hydrogen plasma can be determined
at a specific point by using TALIF. One major change needs to be made to the
detection setup: while a bandpass filter is used for the Hα measurements at
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656 nm, krypton has a different detection wavelength at 826 nm and requires a
different filter. For the krypton, a longpass filter is used instead - the different
filter characteristics are reflected in the final equation.

Because its two-photon excitation wavelength is very close to that of hydro-
gen, krypton is a convenient choice for a calibration measurement on H-alpha,
as discussed in [22]. Furthermore, for krypton gas at a given pressure the ab-
solute density is easy to determine. Krypton is excited at a TALIF excitation
wavelength of 2×204.1 nm (compare to H-alpha’s TALIF excitation wavelength
of 2 × 205.1 nm), which therefore requires little change in the setup and keeps
the measurements similar to each other as to rule out other effects on the mea-
surements.

A series of krypton measurements have been done to check the relative den-
sity of the krypton and the influence of several other parameters on the setup,
such as the magnetic field, krypton pressure and the laser power. The krypton
calibration measurements are discussed further in Appendix A. The influence
of the step size of the measurements is discussed further in Appendix B.

Now, to calculate the absolute density of the hydrogen plasma, the equation
(as stated by [2]) becomes

SKr
SH

=
nKr
nH

σ
(2)
Kr

σ
(2)
H

(
νHIKr
νKrIH

)2
AKrτKr
AHτH

TKr
TH

ηKr
ηH

(2.21)

Factor Quantity Value(Kr) Value(H)

SKr, SH TALIF signal strength 0.68239 to be mea-
sured

nKr, nH Density 2.4× 1021 to be calcu-
lated

σ
(2)

Kr

σ
(2)

H

Two-photon excitation
cross section

≈ 0.62

νKr, νH Wavelength of excitation
photons

97946 cm−1 97492 cm−1

IKr, IH Laser intensity 1 mW 6 mW
AKr, AH Transition probability 2.7 4.4
τKr, τH Lifetime of excited state 35.4 10
TKr, TH Transmission of optics 0.81 0.40
ηKr, ηH Detector efficiency 1.6 7

This equation will be used in the density measurements in the experimental
part. nH is the unknown variable within the equation and will be calculated in
the experimental part, where SH will be determined. For nKr and SKr, kryp-
ton measurements were made, described in appendix A. Setup factors (optical
transmission and detector efficiency) have been measured in an earlier experi-
ment with the same experimental setup. [3] While some values are unchanged,
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a different filter was used for the Hα measurements - this filter’s specifications
gave a transmission of around 40%. The other factors are physical constants -
these have been taken from other experimental work on hydrogen and krypton
TALIF measurements. [2] [22]

2.6 Line broadening and temperature measure-
ments

There are several factors that contribute to line broadening - a phenomenon in
which a TALIF response is generated from a Gaussian spectrum of frequencies
around the base frequency ν0 instead of a sole line response to the ν0 frequency.
The broadening of a spectrum can be measured by measuring the full-width-
at-half-maximum (FWHM) of the Gaussian peak that the TALIF measurement
produces. Several of these broadening factors can be considered negligible: col-
lisional broadening effects occur only at high gas pressures and the expanding
hydrogen plasma is not dense enough for this to be a large factor [2]; Stark
broadening happens only at high electron densities that can create an electric
field within the measured plasma [4] - the degree of dissociation is not high
enough within the hydrogen plasma expansion.

2.6.1 Laser broadening

Large factors remaining within the line broadening are the instrumental broad-
ening, and the Doppler broadening. The instrumental broadening is convoluted
twice with the Doppler linewidth broadening, therefore giving as an expression
for obtaining the Doppler-related broadening from the experimental linewidth
[16]:

∆ν2
m = ∆ν2

D + 2∆ν2
L

The laser linewidth broadening has been measured to be ≈ 0.15 cm−1 in the
previous setup used by R. van den Bos.

2.6.2 Doppler broadening

A major contributor to the spectral broadening under present conditions is
Doppler broadening. Because Doppler broadening is caused by the thermal
motion of the measured species, it is possible to derive the temperature of the
H-atoms from the Doppler factor within the total spectral broadening. The
TALIF-excited H-atoms obey a thermal velocity distribution, this thermal ve-
locity ends up causing a Doppler shift within the transition as the individual
H-atoms move towards - or away from - the laser focus in which the excitation
process occurs. Using the steps as given by [15] it is possible to calculate the
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expression for Doppler broadening of the Gaussian function. Start with the
Doppler expression

νs = ν0 +
vx
c
ν0 (2.22)

with νs the shifted transition frequency, ν0 the base frequency, c the speed of
light, and vx the velocity component of the total atom velocity in the direction
parallel to the incoming laser beam. The velocity distribution within the hydro-
gen plasma due to temperature can be assumed to obey the Maxwell-Boltzmann
velocity distribution:

f(vx, vy, vz) =

(
m

2πkBT

)3/2

exp

[
− m

2kBT
(v2
x + v2

y + v2
z)

]
(2.23)

Now since this is a probability distribution, it must naturally hold that∫ ∫ ∫
f(vx, vy, vz)dvxdvydvz = 1 (2.24)

Substitute the Doppler expression within the probability distribution (ie. make
the triple integral a function of vy, vz, ν), and fill in the probability distribution
as a function of ν to acquire

g(ν)dν =
( m

2πkT

)3/2
∫ ∫

e−(m/2kT (v2y+v2z)dvydvze
−(m/2kT )(c2/ν2

0 )(ν−ν0)2
(
c

ν0

)
dν

(2.25)
With the definite integral∫

e−(m/2kT )v2dv =

(
2πkT

m

)1/2

(2.26)

this probability distribution as a function of ν can be simplified to

g(ν)dν =

(
c

ν0

)√
m

2πkT
exp

[
−
(

m

2kBT

)(
c2

ν2
0

)
(ν − ν0)2

]
(2.27)

This function is called the normalized Doppler-broadened lineshape. Since this
function is a Gaussian of standard form

f(x) =
1

σ
√

2π
exp

(
−(x− µ)2

2σ2

)
(2.28)

- it is possible to obtain the Gaussian’s full width at half maximum (FWHM)
to give a measure of the Doppler-induced broadening of the line spectrum:

∆νD = FWHMD = 2ν0

√
2kBT

mc2
ln 2 (2.29)

Filling in the Boltzmann constant and the speed of light, and scaling the mass
m to the equivalent atomic mass M , the expression for the Doppler broadening
becomes

∆νD = 7.16× 10−7ν0

√
T

M
(2.30)
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Putting both the Doppler broadening and laser broadening terms together, an
expression is obtained to measure the temperature of ground-state atomic hy-
drogen from the base transition frequency ν0:

T =
M(∆ν2

M − 2∆ν2
L)

(7.16× 10−7)2ν2
0

(2.31)
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Chapter 3

Experimental setup

3.1 Laser setup

For two-photon excitation of atomic ground state hydrogen from (n = 1) to
(n = 3), it is necessary to generate a laser beam with a 205 nm wavelength. To
generate this laser beam, a tunable dye laser is used to generate a 615 nm laser,
which is then frequency-mixed to produce the final beam necessary. Since the
dye laser is tunable it is possible to view the response of ground state hydrogen
atoms to different wavelengths within the range of the Doppler broadening.

The tunable dye laser is pumped by a frequency-doubled 532 nm Nd:YAG
laser fixed at a pulse rate of 30 Hz. To produce the 615 nm laser beam, the
initial beam from the Nd:YAG laser is first passed through an oscillator, then
through a pre-amplifier and a main amplifier. Both the amplifiers are filled with
a solution of Rhodamine-640 laser dye dissolved in methanol.

By application of a monochromator it is possible to tune the coherent beam
to a specified wavelength within the spectral range ≈ 615 nm these photons
then cause stimulated emission within the laser dye, therefore by amplification
of this beam a beam of coherent photons can be generated. This beam has an
associated frequency (ν1 = 1

λ ).

After leaving the dye laser, the laser beam is then redirected into an op-
tical table where the frequency of the laser is frequency-mixed to the desired
wavelength. The beam passes through a KDP crystal (potassium dihydrogen
phosphate - KH2O4) - where through using the principle of second harmonic
generation [25] a 307,5 nm (ν2 = 2ν1) laser beam is formed and mixed with the
615 nm beam. It then passes through a 1

4 lambda plate before passing through
a BBO crystal (β − BaB2O4), where frequency mixing occurs to generate a
frequency of ν3 = ν1 + ν2, forming a 205 nm laser beam. After the 205 nm
laser beam is formed, this beam is contained within a beam that contains all
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three frequencies. A Pellin-Broca prism is then used to separate the other two
frequencies. The 615 nm and 307.5 nm beam are dumped while the 205 nm
beam passes through to the PLEXIS setup.

Figure 3.1: A schematic overview of the laser setup for the TALIF measure-
ments. The dye laser is connected to the measurement setup on the computer to
handle the tuning of the dye laser. Laser wavelength is approximated, but under
all circumstances it holds that 2λ2 = λ1, 3λ3 = λ1

3.2 PLEXIS setup

The PLEXIS (Plasma EXpansion in Interaction with Surfaces) setup was used
to study the behaviour of the plasma jet under magnetized conditions. This
setup consists of a large vacuum vessel with several ports for monitoring the
plasma inside, a lineup of magnetic coils to apply a magnetic field to the plasma
inside, and the cascaded arc discussed in section 2.1. To ensure that the full
behaviour of the plasma expansion can be measured, the arc is mounted to a
movable arm which can freely be moved within the vacuum vessel along all three
axes. The arc was set to ’open’ nozzle as described in [26] - this ensures that
the least amount of atomic recombination happens within the nozzle. For axes,
take the z-axis in the direction of the magnetic field within the vessel, the y-axis
vertical, and the x-axis horizontal and perpendicular to the z-axis.

To be able to apply the magnetic field to the plasma, 4 Helmholtz coils are
placed around the vacuum vessel. To create a magnetic field inside the vacuum
vessel, a current is set through each of the 4 coils. The magnetic field inside the
vacuum vessel is approximately uniform throughout the whole (measureable)
part of the vacuum vessel. For each of the measurement series, a current was
applied to the coils. The magnetic field is directed along the z-axis away from
the arc. As expected, the magnetic field within the vacuum vessel scales directly
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Figure 3.2: A schematic overview of the PLEXIS setup. The cascaded arc can be
moved within the setup. The vessel itself is in operation under low-pressure (<
100 Pa) conditions. Four magnetic coils are placed around the vacuum vessel in
this arrangement - the field can be considered almost uniform within the vessel.
The laser beam described within chapter 3.1 passes through the plasma from top
to bottom, with the lens placed before entering the vessel. The measuring setup
is located to the side of the main vessel, taking in Hα light from one of the side
ports. Drawing taken from [4] - same setup was used.

with the power applied on the coils. The scaling factor has been proven to be
B( T) ≈ 4.5× 10−4 I( A) [4]

The laser beam as discussed in chapter 3.1 is redirected through several mir-
rors to the top of the PLEXIS setup, where the beam is focused with a MgF2

lens with a focal length of 6×10−1 m and put through the main vacuum vessel.
It passes through the plasma - in the focus of the laser beam, ground state hydro-
gen atoms are excited according to the TALIF principles outlined in chapter 2.4.

The Hα light emitted by the excited hydrogen atoms falling back from the
(n = 3) to the (n = 2) state (which has a wavelength of 656.33 nm as stated in
the theoretical part) is detected at the height of the plasma by a photomultiplier
tube. To prevent saturation of the PMT by unwanted sources, a slit and a Hα

band filter are placed in front of the PMT opening to ensure that the non Hα

light generated by the plasma discharge is blocked while the Hα light can still
pass through.

The measurement was done with a large background signal at Hα wavelength
owing to emissions from the cascaded arc plasma. This background signal was
strong enough to cause saturation within the PMT if no precautions were taken
to filter it out. To this end, a commercially available Hamamatsu pre-amplifier
was used on the PMT. To avoid saturation of the PMT by the background radi-
ation, the ’gate’ to the PMT opened only briefly after the laser pulse was fired,
avoiding to take in only background signal while amplifying the TALIF signal.
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Afterwards, the signal is sent to an oscilloscope, where the PMT measurements
are accumulated and spectrally integrated for further analysis, then sent to the
PC.
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Chapter 4

Measurements and
discussion

4.1 Structure of the measurements

For the measurements, the experimental parameters were: H2 flow: ≈ 3 slm,
current on arc: ≈ 45 A in total (15 A on each of the different cathodes on the
arc), arc voltage: ≈ 140 V (this totaled a power on the plasma of ≈ 6300 W),
background pressure: ≈ 9 Pa. These values tended to fluctuate slightly during
experiments, although the difference should not be significant.

During a single measurement the wavelength of the laser was varied between
(λ = 615.39 nm) and (λ = 615.49 nm) in steps of ∆λ = 0.003 nm. The Gaussian
peak was always contained within these bounds, at the edges of the measure-
ment the TALIF signal had long passed into background static. The used step
size provided for a good balance of resolution to time spent on the measurement.
See appendix B for a discussion on running a higher resolution of the wavelength.

After finishing a measurement, a Gaussian fit was run in Origin on the signal
strength (in arbitrary units) against the frequency of the two-photon transition
(this is 1

λlaser
× 107 - in cm−1). The Gaussian fit resulted in a function of the

form (compare with equation 2.28)

y(x) = y0 +
A

w
√
π

exp

(
−2

(x− xc)2

w2

)
(4.1)

The quantities taken from a single measurement were the area A under the
Gaussian peak (for density measurements), the full width at half maximum of
the peak FWHM =

√
2 ln 2∗w (for temperature measurements). In addition to

the data taken from the Gaussian peak, there was also a measure for the back-
ground radiation added to the TALIF measurement at any wavelength - this
value was averaged to get a measure for the amount of background radiation in
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the measurement.

Figure 4.1: The structure of a single measurement series. The Gaussian fit was
made by Origin. Recorded parameters from this measurement graph are the area
beneath the Gaussian and the FWHM of the Gaussian.

4.2 Axial series - density

For axial measurements, the arc was aligned along the axis of symmetry in the
x- and y- directions. Three axial measurement series were made for different
strengths of the magnetic field. Three axial series of measurements have been
made with different magnetic fields: one series without magnetic field, one series
with a magnetic field of ≈ 9 mT, and one series with a magnetic field of ≈ 18 mT.

Within these axial series of measurements, after finishing a measurement, the
arc would be moved further away from the measurement point (in the reverse
z-direction) for the next measurement. This was repeated until the hydrogen
had nearly fully recombined at the far end of the expansion. While laser power
tends to diminish a bit over time [27], it is presumed that this effect falls within
the range of error for the experiment. Dye laser power was measured to be in
the order of 7 ± 1mW before entering the optics on the vacuum vessel for the
axial series of measurements.

To calculate the absolute density of the hydrogen plasma, the density equa-
tion as stated in chapter 2 was used:

SKr
SH

=
nKr
nH

σ
(2)
Kr

σ
(2)
H

(
νHIKr
νKrIH

)2
AKrτKr
AHτH

TKr
TH

ηKr
ηH

(4.2)

22



Applying equation 4.2 and adding in the density measurements of R. van den
Bos on a nonmagnetized plasma produced by a similar setup (cascaded arc on
the PLEXIS setup and TALIF-based measurements) this results in figure 4.2.

Figure 4.2: The axial series of measurements, compared to the results of van
den Bos.

While the profiles of van den Bos’ series and the series of measurements done
for this report in figure 4.2 look comparable to each other, there is obviously a
large factor by which the two measurements differ in their density. Taking the
pressure of the hydrogen within the vessel as ≈ 10 Pa, this would imply that
the dissociation degree within the plasma would be around 30% - which is likely
impossible. To try and characterize this factor, a graph was made to compare
the relative difference between the measurement series of van den Bos and the
measurements done in this report, shown in figure 4.3.

What this density comparison seems to result in is several factors that result
in this series of measurements differing from those of van den Bos. It is possible
to distinguish three important factors among these: a constant factor over the
entirety of the axial measurements, a factor related to the background radia-
tion (shown later on in figure 4.5) and a factor that seems to be increasing the
further away from the arc the measurement is made - this factor is consistent
throughout all the three axial measurements independent of the magnetization
of the plasma.

The constant factor is likely to consist of multiple smaller factors within
the density calculations. While physical constants in equation 4.2 can easily
be ruled out of being a possible miscalculation, there is good cause to believe
that the krypton calibrations were likely made at a too high laser power. The
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Figure 4.3: The scaling factor of the measurements done on both magnetized
and unmagnetized plasma divided by the density of van den Bos’s densities.

krypton transition is much quicker to saturate than the hydrogen transition is
- therefore lower laser power would be necessary to get a correct measure for
it. Krypton measurements were made at a laser power between 1-5 mW, and
according to equation 4.2 should scale with a constant factor I2

Kr/SKr. The
results in appendix A however show that this ’krypton factor’ increased when
a higher laser power was used - which suggests that even at the lowest laser
power used (which was already too close to measuring noise instead of a clear
TALIF signal) - the krypton might already have been close to saturation. Since
equation 4.2 is explicitly stated to give accurate results only in the quadratic
(nonsaturated) regime [2], this might have been a major cause in the factor.

It is also a possibility that some of the experimental factors T and η used in
the equation differ slightly from their actual values, as most of the factors were
taken from a previous experiment - since the experimental setup used was the
same these factors should not differ by too much however as equipment may
have deteriorated over time there is a possibility of values being off. The differ-
ence introduced by equipment deterioration or recalibration should necessarily
be small though and cannot by itself be responsible for the anomalous density.

The increasing factor can be characterized by plotting the background radi-
ation. As noted before in 2.1, the hydrogen plasma emits high amounts of Hα

radiation, therefore causing the detector to pick up the emissions from plasma
behaviour as well as the emissions resulting from TALIF excitation. It is likely
that in regions with high Hα emissions, PMT saturation may have occurred
and as such reported a lower density in the regions closer to the arc than was
actually the case - which would to a degree explain the behaviour of the den-
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sity difference increasing the further the measurements are taken from the arc.
Figures 4.4 and 4.5 support this hypothesis.

Figure 4.4: A schematic view of the degree of background Hα radiation taken in
by the PMT for the various axial measurements with different plasma magneti-
zation. The Y-scale units are arbitrary.

Figure 4.5: Background radiation and area under TALIF signal graphed to-
gether. Absolute values are completely arbitrary as factors have been added to
fit both lines in same graph. Profile shows a clear correlation between high back-
ground radiation and low measured densities.

Despite precautions taken, it seems that the gated PMT setup was not suf-
ficient to deal with the high amounts of background light. The measurement
setup was most likely saturated from background light drowning out the TALIF
signal. This resulted in densities much lower in areas with high amounts of
Hα background radiation. Because background radiation decreased as mea-
surements moved further away from the arc, this could be a partial explanation
of why the differences in density in comparison with v. d. Bos increase as the
setup moves away from the arc.

This is still not a conclusive explanation for the increasing factor by itself
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though. If the background radiation were the sole explanation for the increasing
factor, then it would follow that in the areas where no significant background
emissions were recorded, the factor would be constant - yet figure 4.3 clearly
shows a consistently increasing factor in the tail of the measurement - where
background radiation was negligible. A sensible explanation for this effect has
not been found.

4.3 Axial series - temperature

From the same measurement series the temperature of the atomic ground state
hydrogen was also determined as outlined in section 2.6 from the FWHM of the
Gaussian peak of the TALIF signal and laser-related broadening of the spec-
trum. When comparing this graph to other similar measurements - v. d. Bos,

Figure 4.6: Temperature calculations on the axial measurement series.

on atomic ground state hydrogen, and v. Harskamp on magnetized H(n = 2),
the results found have several small differences. In general, these results, dis-
counting some of the more erratic outliers that are the result of small sample
sizes on statistical behaviour, are similar to the results reported by van der Bos
for nonmagnetized ground state atomic hydrogen.

The overall temperature profile of decreasing temperature as distance to the
arc increases is kept, while the shockwave seen in v. Harskamp’s magnetized
measurements is hard to replicate within these measurements as the degree of
uncertainty is still too high to make any judgments on the behaviour. While
the 18 mT measurement does to a degree suggest the existence of a shockwave
(compared to the relatively well-behaved nonmagnetized measurement), it is not
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likely conclusive proof by itself that this shockwave behaviour can also be clearly
seen in the ground state. Note that temperature close to the arc (< 50 mm)

Figure 4.7: The temperature of the 18 mT measurements, calculated from the
Doppler broadening. This figure was added to show that a shockwave is probable
within a magnetized measurement. Note that while this shockwave region at
around ≈ 200mm is probable, the uncertainty in the temperature behaviour is
too high as a result of the measurement being statistical in nature.

needs to be corrected downwards as well as described in [4] to account for
the plasma expansion. This expansion causes additional velocity towards and
away from the axis of measurement, therefore causing additional Doppler-related
broadening that is not the result of gas temperature.

4.4 Radial series

For radial measurements, the arc was aligned along the axis of symmetry in the
y-direction, and set at a predefined distance from the laser in the z-direction.
One single measurement consisted of varying the wavelength of the laser be-
tween (λ = 615.39 nm) and (λ = 615.49 nm) in steps of ∆λ = 0.003 nm - like
the axial measurement series, this proved to be a good cutoff and step size.
After finishing a measurement, the result was processed in a similar way, while
the next measurement step was taken by moving the arc in the x-direction.
While measurements were made in both positive and negative x-directions, for
practical purposes there is no difference between the two. As such the graph
shows an absolute distance from the center of symmetry.

Most of the profiles taken from TALIF measurements at distances far away
from the arc were approximately flat profiles when uncertainties in the mea-
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surements were taken into account - and therefore not particularly interesting
to consider.

Figure 4.8: Radial behaviour of the plasma expansion at 300 mm of the arc
under magnetization. When taking uncertainties into account, the behaviour
ends up linear within the vessel.
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Chapter 5

Conclusions and
recommendations

In general, these measurements have sought to characterize the behaviour of
ground state atomic hydrogen in both magnetized and nonmagnetized plasma
arcs and have had several other measurements to compare them with. The
temperature results calculated agree with the profiles van den Bos measured in
nonmagnetized plasma in terms of the temperature dropping off further from
the arc and the height of the temperature. This suggests that even though
density calculations introduced a large error in the measurement, there is still
some basis to presume that the relative density profiles measured are reasonable.

If we then can presume that temperature profile behaviour is still correct,
it is possible to compare them to van Harskamp’s magnetized measurements on
the higher excited states of the cascaded arc hydrogen plasma. van Harskamp’s
measurements show consistent ’shockwave’ behaviour within the magnetized hy-
drogen plasma at the onset of the plasma shockwave, where both density and
temperature peak before leveling out again. In temperature behaviour, there is
evidence to suggest that the shockwave can be observed in a temperature shift
of ground state hydrogen as well, but with high uncertainties this assumption
can be challenged.

The density measurements on the other hand ran into major issues, both
in terms of calculating the absolute density and in terms of profile behaviour.
For the absolute density values, the values are simply too high. To an extent,
a large factor can be traced back to the calibration measurements on krypton,
which were likely done at too high a laser intensity. While the results did not
suggest this at first because of the area beneath the TALIF signal still increased
together with the increased laser power, calculating in the factor within the
density equation that is related to the krypton measurements suggests that all
measurements above 1 mW were already saturated to a degree. With no mea-
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surements done at lower power than 1 mW because the signal-to-noise ratio
was already getting too large, there is no way of confirming whether the 1 mW
measurement might already have been saturated as well. This would have re-
sulted in a larger krypton signal within equation 4.2, and would have lowered
the absolute density measured.

A major difficulty for using spectroscopy based on induced Hα-emissions
within the magnetized hydrogen plasma is to overcome the issue of background
radiation. A normal photomultiplier setup will be saturated quickly by the
excess of Hα light unrelated to the TALIF-induced emissions, and as has been
explained in chapter 4.3, the gated setup that was used for this experiment failed
to filter out the background radiation. This led to the background radiation still
having a large influence on the measured density of the hydrogen plasma. While
this setup might simply not have been adequate for the experiments done (the
used gated pre-amplifier was a commercial model that might have lacked the
precision necessary for sensitive TALIF measurements) other conclusions can
still be drawn from it.

As was shown in chapter 4.2, there is still a correlation between the amount
of background radiation taken in by the PMT and the strength of the TALIF
signal - where background radiation is highest (in the red region of the 18 mT
magnetized plasma) the TALIF signal ends up the lowest. This suggests that
even despite precautions taken, the PMT signal was still saturated at (many) of
the measurements. We can also see consistent behaviour between the different
axial profiles returning after the intake of background radiation has subsided.
All in all, this suggests that the precautions taken against background radiation
were insufficient.

Even then, there is still a factor that increases as the arc is moved further
away from the measurement point within the setup that is very hard to explain
by either a static factor (owing to, most likely, the krypton measurements be-
ing saturated) - or a factor dependent on the background radiation. While the
pre-amplifier and gate of the PMT have likely caused part of the factor as a
result of the background radiation, no plausible explanation can be found as to
why the PMT would have caused this factor. This factor cannot be explained
without a closer inspection of the PMT behaviour and the setup.

Single measurement series sometimes differed over more than 500K as could
be seen in the temperature measurements. Taking more time there might have
given conclusive results in showing shockwave behaviour within the magnetized
measurement series. Many series suffered from high inaccuracies - part of this
was to be expected from statistical phenomena, but more care should have been
taken when dealing with the inaccurate nature of these samplings.

Before going into large-scale TALIF measurements however, ensure that the
setup has a way to deal with background radiation - and measure the background
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correction before going into large-scale axial measurements. Perhaps it is worth
it to invest in a better gated setup to deal with the errors introduced.
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Chapter 7

Appendix A - Krypton
calibration measurements

As noted before, it was not possible to retrieve the absolute density of the hydro-
gen plasma without a known quantity to calibrate it against. In this appendix,
the krypton measurements that have been made to facilitate this are shown.

To acquire the relative density of krypton, the tunable dye laser was retuned
to 612.6 nm. Similar to the hydrogen two-photon absorption transition, this
wavelength was first tripled, and then used in a two-photon absorption exci-
tation process. 102.1 nm was the necessary wavelength to excite the krypton
atoms in the vessel from the 4p6 1S0 state to the 5p[3/2]2 state. The decay of
this state from 5p′[3/2]2 → 5s′[1/2]2 can be measured by the PMT at 826.3 nm
in a similar manner to the hydrogen plasma measurements - the optics in front of
the PMT were changed from a band-pass filter at Hα wavelength to a low-pass
filter. The absolute density of the krypton can be determined by measuring the
pressure inside the vessel. Measurements were done at a pressure of ≈ 10 Pa -
a value corresponding to an absolute density of 2.4× 1021 m−3. [2]

The first krypton measurement series consisted of a series of 5 nonmagne-
tized measurements, in which the laser intensity was changed from 5 mW to 1
mW in steps of 1 mW, and the krypton pressure was kept constant at ≈ 10 Pa.
Of note is that the sample for 1 mW was used to calculate the absolute hydrogen
density in chapter 2.5. This sample was used to avoid the risk of saturation of
the PMT at higher laser intensities influencing the measured relative krypton
densities.
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Laser power Area [a.u.] Krypton factor (I2/SKr)

1 0.68239 1.46544
2 0.83765 4.77526
3 2.37462 3.79008
4 2.42738 6.59147
5 3.55093 7.04041

Also calculated for the krypton series was the krypton factor (I2/SKr), as
to give an idea of how the different laser power would influence the final density
values within equation 4.2. This factor raises as the laser power goes up, thus
suggesting that the krypton might already have been saturated at 1 mW, and
definitely was already saturated at higher laser powers.

Figure 7.1: The krypton measurement that was used to determine the rela-
tive krypton density. The area used to calculate the hydrogen density was A
= 0,68239

The second krypton measurement series consisted of a series of 8 measure-
ments in which the krypton pressure was varied so that the measurement could
be repeated with a different krypton density. None of these caused any signifi-
cant change in the calculations.

The third measurement series was done with varying magnetic fields on the
krypton gas. As krypton is an inert gas and as such should not respond to
application of a magnetic field, this measurement was more done to the end of
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testing whether the magnetic field would be influencing the measurements. The
resulting krypton signals fell within the tolerance of the previous measurement
series - therefore the magnetization did not influence the TALIF measurement’s
detection capabilities. This rules out any of the strange behaviour observed in
the previous chapter being caused by magnetical influences on the measurement
setup.
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Chapter 8

Appendix B - Step size
influence

Resolution/step size of the measurement has the potential to be an influential
factor in the outcome of the measurements. A too large step size would result
in the possibility of missing the center of the Gaussian peak and would scale
up the uncertainty in the measurement, whereas a too small step size has the
possibility of not only running up the measurement time but also influencing
the measurement at the mechanical limit of the setup (the optical setup that
sets up the laser dye as outlined in 3.1 has a finite small step size it can handle
- anything smaller than that and it would likely overshoot the step size without
any feedback that this phenomenon had occurred, causing the setup to record
a smaller step size measurement than was actually taken within the setup).

To get an idea of how the step size could influence the outcome of the mea-
surements, a short series of measurements has been made. This particular series
of measurements has been made with a smaller step size within the laser wave-
length than the normal measurement series. The step size used for the laser was
∆λ = 0.001 nm rather than ∆λ = 0.003 nm. These measurements were made
at a magnetic field strength of 9 mT, at a distance of 200 mm from the arc and
in the center of symmetry of the x- and y-axis. Similar conditions were used
at the two measurements on normal resolution to compare the high-resolution
measurements with.

Type Area [a.u.] FWHM ( cm−1) Frequency center ( cm−1)

HR 0.87723 3.44368 97492.97
HR 0.61205 2.51908 97492.80

Normal 0.66664 2.81984 97492.36
Normal 0.93732 2.41842 97492.68

It is possible to discern that the Gaussian peak moves towards the left as the
step size is lowered. This is explained by the setup running into the mechanical
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Figure 8.1: A single TALIF measurement from the high-resolution series. The
data was processed similarly to a measurement at normal resolution.

limit - the actuator that controls the wavelength of the dye laser ends up over-
shooting its target just a little bit if the step size is small and therefore ends up
influencing the measurements in case a small step size is taken. To prevent this
from happening the step size must not be made too small - while ∆λ = 0.001 nm
still results in correct measurements, anything smaller than that will run into
the mechanical limit of the setup.
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