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LULEÅ UNIVERSITY OF TECHNOLOGY

Abstract

MSc In Spacecraft Design

Optical Analysis of Plasma - Flame Emission in Cryogenic Rocket Engines

by Carlo GIRARDELLO

This thesis contains the results of optical flame emission measurements of the Vulcain 2.1
engine and the plasma emission spectroscopy of the Lumen Project engine. The plume spec-
troscopy is analyzed, ordered and studied in detail to offer the best possible molecular com-
position. The main focus relied on the hydroxide radical, blue radiation and other molecules
analysis of the intensities encountered during the tests. The plasma emission spectroscopy is
focused on the determination of the plasma temperature value in LIBS measurements. The
hydrogen plasma temperature determination of the local thermodynamic equilibrium, fol-
lowed by the carbon and sequentially oxygen plasma is obtained. The quality of the LTE is
to be determined to judge the truthworthness of the determined temperatures. Both the tests
are analyzed thanks to the use of spectrographs, cameras and dedicated software for optical
applications. The results related to the Vulcain 2.1 LOX/LH2 engine showed the evolution
of the plume in different ROF or pressure variations. Furthermore, the results of the Lumen
Project LOX/methane engine led to the determination of the plasma temperatures and a first
estimation of the LTE quality.

Die vorliegende Arbeit präsentiert die Ergebnisse der Abgasstrahlspektroskopie des H2/LOX
Vulcain 2.1 Triebwerks und der Zündplasma Spektroskopie des CH4/LOX Triebwerks des
LUMEN Projektes. Die Abgasstrahlspektroskopie wurde analysiert und im Detail unter-
sucht um die am besten passende molekulare Zusammensetzung herauszuarbeiten. Das
Hauptaugenmerk liegt dabei auf dem Hydroxyl- Radikal, der Blauen Strahlung und moleku-
larer Intensitätsanalyse. Bei der Zündplasmaanalyse liegt der Fokus auf der Bestimmung
des LTE Zustands (Lokales thermodynamisches Gleichgewicht) in LIBS. Die Temperatur
des Wasserstoff-, Kohlenstoff und Sauerstoffplasmas wird herangezogen, um die Qualität
des LTE Zustands zu beurteilen. Für die Testdurchführung wurden Spektrographen, Kam-
eras und bestimmte Auswertungstools für optische Anwendungen benutzt. Das Verhalten
des Vulcain 2.1 Abgasstrahls abhängig von verschiedenen ROF und Druckstufen ist in den
Ergebnissen beschrieben. Für das LUMEN Triebwerk konnten erste Zündplasmatempera-
turen bestimmt werden und geben einen Rückschluss auf die Qualität des LTE.

HTTPS://WWW.LTU.SE/
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Chapter 1

Introduction

1.1 Structure of The Thesis

This thesis is the result of six months of work at DLR Lampoldhausen. It is divided
in six chapters.

The first chapter gives the reader the information on how to read this thesis, it points
out clearly what are the goals and the scope of the project work conducted at DLR
and describes the hardware used during the experiments.

The second chapter explains in detail the theory necessary to understand fully the
experiments. It is divided in two main subsections: the Lumen Project part and the
Vulcain 2.1 part. The Lumen Project subsection is related to plasma. It explains to
the reader the working principles of plasma, plasma spectroscopy and laser physics.
It is necessary for the understanding and interpretation of the results. The Vulcain
2.1 subsection deals with flame emission. It is the summary of the basic knowledge
necessary to understand the composition of the plume emitted by the nozzle of a
rocket. It gives the reader the knowledge necessary to understand what will be ob-
served during the experiments.

The third chapter analyzes the state of the art of the two engines studied. It intro-
duces the reader to the facilities and the equipment used in both the experimental
setups together with a step by step procedure of how the data have been acquired,
processed and analyzed.

The fourth chapter describes everything that is needed to know concerning the ex-
periments. It is a summary with tables indicating the main milestones for the Vulcain
2.1 and a summary with the expected results for the Lumen Project.

The fifth chapter analyzes in detail the results. Every relevant spectra is plotted,
introduced, explained and then sequentially analyzed with scientific methodology.
When in doubt, the reasons and some possible solutions are introduced.

The sixth chapter contains the conclusion of this thesis work. It gives some final
statements on the tests and highlights the main results together with the upcoming
campaigns.
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1.2 Goal & Scope

This thesis has multiple goals. One is related to plasma spectroscopy, the other is
linked to flame emission. The goal of this thesis concerning plasma spectroscopy
is the expansion of the knowledge of the processes occurring with laser ignition in
space propulsion. This is interesting from a physical and engineering point of view.
The performance of the rocket is the most important aspect from the engineering
perspective, requiring an in depth study of the best position for the laser focus.
The physicist wants to investigate the reasons behind the ignition generated by a
laser beam. To understand what the plasma generated before ignition is composed
of, it is necessary to know what are the physical laws ruling this field of space
propulsion, which is the generation of plasma in combustion chambers with the
aid of lasers.
A recently developed injection method is tested at the European Research and Tech-
nology Test Bench P8 at the DLR Institute of Space Propulsion in Lampoldshausen,
Germany.
In order to ignite the rocket propellants, which are commonly gaseous hydrogen or
gaseous methane, together with liquid oxygen, laser ignition will be applied besides
other techniques. A lens focusses the high-energetic laser beam onto the shear layer
between fuel and oxygen. The electron-ion recombination after the induced plasma
(breakdown) leads to the emission of bright light, ranging from ultraviolet (UV) to
near infrared (NIR) wavelengths. This light will be used for analyzing crucial pa-
rameters such as local ROF, plasma temperature and electron density. Furthermore,
the ignition behavior will be monitored using a high-speed camera that records the
development and propagation of the ignition spark and subsequent combustion.

The second goal of this thesis is related to the flame emissions of the Vulcan 2.1.
The study of the plume is really important because it can give a lot of information
on the engine’s health to engineers and technicians. Based on the chemical compo-
sition recorded, it is possible to estimate the quality of the combustion processes.
From an academic point of view it is educational to study, analyze and process the
data obtained by a real applications rocket engine in order to increase the personal
knowledge on propulsion systems.

1.3 Hardware and Fundamentals

• Shamrock SR-163
The Shamrock SR-163 is the spectrograph used for the tests carried out at P5 for
the Flame Emissions Measurements. Shamrock SR-163 is a spectroscope devel-
oped by Andor Technology based on a Czerny-Turner optical design. This tool
is a spectrometer which is capable of measuring a single wavelength over a
wide spectral range. SR-163 consists of fixed entrance and exit slits, two con-
cave mirrors and a grating.
Light enters through the entrance slit, which is in the same plane of the first
concave mirror which, consequently, directs parallel rays of light towards the
grating. The grating acts like a prism, separating all the different wavelengths
and pointing them to the second concave mirror. The light from the second
mirror is directed through the slit which is in the focal point of the ellipsis and
it is then observed by the high speed camera.
A sketch of this working principle is presented in Figure 1.1, note that instead
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of the exit slit, a chip to catch the light is actually used.
The wavelength range of a monochromator varies with the choice of grating,
but commonly they can scan from 160 nm to 500 nm or ever wider ranges. The
spectral resolution depends on the widths of the slits, the choice of grating and
focal length, but commonly can be less than 10 pm for high resolution OES
(Optical Emissions Spectroscopy).
A key to the performance of monochromators is the design of the grating
movement: the grating is placed on a large drive wheel with motor control,
allowing fine and precise positioning of the grating [29]

FIGURE 1.1: Czerny-Turner Spectrograph Working Principle, cour-
tesy of [19]

The SR-163 can be used either as an imaging spectrograph in the so-called
"Imaging Mode" with a shutter or as a non-imaging spectrograph in the so-
called "Spectral Mode". The latter is commonly applied in LIBS studies [4]. A
CAD model, internally developed at DLR, of the spectroscope used, together
with a picture of the device, can be found in Figure 1.2 while in Spectral mode.

FIGURE 1.2: Shamrock SR-163 (left), courtesy of [4] and CAD model
(right)

• ICCD DH720 Gen II
The IStar 720 intensified CCD camera is one of the best ICCD available with its
digital delay generator and the image quality offered during measurements.
It is developed by Andor Technology and is currently in use at the laboratory
at DLR Lampoldhausen. It is the camera used for the recordings of the Flame
Emission measurements of the P5 tests. It has been designed to fulfill the needs
of low-light spectroscopy requiring fast gating and the ability to detect LIBS
(Laser Induced Breakdown Spectroscopy) events. The 1024x256 array has a 4:1
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aspect ratio coupling very good with the Shamrock. A picture of this tool is
presented in Figure 1.3. Some of its main features are the possibility to be re-

FIGURE 1.3: ICCD DH720 Gen II (left), courtesy of [5] and CAD
model (right)

motely controlled, the single photon sensitivity and the software gain control.
[5]

• iStar sCMOS 18 F 03
The iStar sCMOS 18 F 03 is a camera which is ideal for flame and plasma imag-
ing. Like the ICCD DH720 Gen II, it has been developed by Andor Technology
for High Quality measurements and it is the one used at DLR Lampoldhausen
Test Bench P8 for its reliability and durability. The digits 18 F 03 stands for
the different design settings chosen by scientists and engineers at DLR based
on their needs. 18 stands for the diameter of the intensifier, in millimeters. F
stands for the minimum grating speed, and for this camera is a Fast Grating.
The 03 is for the image intensifier option and, for this camera, is a W-AGT pho-
tocathode. It is the camera head for the Mechelle spectrograph used during the
Lumen Project recordings. In Figure 1.4 are presented a real life model and a
CAD model of this camera.

FIGURE 1.4: iStar sCMOS 18 F 03(left), courtesy of [3] and CAD model
(right)

• Mechelle 5000
The Mechelle 5000 is another spectrograph used during the experiments car-
ried out in the Test Campaign performed at Test Bench P8 for the Lumen
Project. It has been developed by Andor Technology and it provides recording



1.3. Hardware and Fundamentals 5

of a wide range of wavelengths, from 200 nm up to 975 nm in one acquisition.
One of the main features is that it does not have any movable components and
is available in a pre-aligned detector/spectrometer format. [2]
The working principle is based upon the echelle grating. An echelle grating
is a type of diffraction grating which consists of many slits with a width very
similar to the wavelength of the diffracted light. While in normal gratings the
light is diffracted at different orders at specific angles, with reflective gratings,
the reflected part can be blazed to direct most of the light through the preferred
direction. In the echelle grating the blaze is optimized for multiple overlapping
higher orders of diffraction.

• Laser
The Laser used is presented in Figure 1.5 It has been designed entirely by the

FIGURE 1.5: HiPoLas Laser

Carinthian Tech Research (CTR), Austria. It is an HiPoLas (High Power Laser)
ignition system for aerospace applications. CTR has a 16 year old history
in developing lasers. It started developing a high power, side pumped and
passively Q-switched Nd-YAG (neodymium-doped yttrium aluminum gar-
net) laser system named HiPoLaser. The result of further researches, multi-
ple iterations and improvement of this laser is the one that is being used at
DLR for conducting the tests on the Lumen Project. It has been specifically
designed and optimized for the use in upper stage cryogenic rocket combus-
tor. The combination of a monolithic laser rod with a ring of pump allows this
laser to have a very good mechanical stability. [46]
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• Optic Filter
The optical filter used for the experiments is a FOFMS - In-Line Multimode
Fiber Optic Filter Mount developed by Thorlabs. It is used to ensure the cor-
rect triggering of the spectrograph during the Lumen Project tests. The filter
ensures that only photons emitted by the laser are triggering the system. It is
a free-space, fiber to fiber coupling system that uses off-axis parabolic (OAP)
mirrors. FOFMS is ideal for fiber based applications. It acts like a filter for the
light. The item described is presented in Figure 1.6.

FIGURE 1.6: FOFMS (left), courtesy of [31] and CAD model (right)

The last picture in Fig. 1.6 represent one of the two CFH2-F filter holders.
The operating principle of this device is simple. It uses two OAP mirrors to
transport light from the input fiber to the output fiber: This means that as light
is entering the FOFMS system, it is aligned with the first OAP. Afterwards,
it crosses the two slots where the optical filters represented Figure 1.6. Once
the light has passed through the optical filter, it is then coupled to the output
fiber using the second OAP and is finally measured using a Fourier Transform
Infrared Spectrometer (FTIR). [31]

• Laptop

• Calibration Lamp
The calibration lamp used is a ORIEL Mercury(Argon) lamp. It supports both
AC and DC power supplies. The most important thing concerning the calibra-
tion lamp is the safety of the user. Since these kind of lamps have a strong UV
output, the direct eye contact with it must be avoided. For this reason, a pair of
protective glasses have been used for the whole duration of the calibration pro-
cedure. The Hg(Ar) lamp contains a small amount of Mercury that dominates
the output spectrum and uses Argon as starter gas. This lamp is temperature
sensitive, which means that in order to have the spectra presented in Figure
1.7, a reasonable amount of time must be waited.
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FIGURE 1.7: ORIEL Mercury(Argon) Calibration Lamp, courtesy of
[32]

After the following spectra is seen on the spectrometer, the calibration can be
considered over and successful.
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Chapter 2

Theory

This chapter explains the theory behind the two different spectroscopic analysis
methods performed. The first part is related to the Lumen Project and will mainly
deal with plasma, LIBS and Hydrogen theories. The second part is related to the
Vulcain 2.1 and it contains the basic information necessary for the complete under-
standing of the experimental data obtained in Chapter 5.

2.1 Spectroscopy

[10] The purposes of spectroscopy are:

• To determine accurate wavelengths of emission and absorption lines

• To measure the relative strength and/or equivalent widths of emission or ab-
sorption lines e.g. ionization states, temperatures...

• To identify shapes of emission or absorption lines

• To measure the spectral energy distribution of the continuum radiation

2.1.1 Spectrographs

The spectrograph is the tool that allows the study of all the above cited phenomena.
There are many types of spectrographs but they can be summarized in two main
families: by type of dispersing element or by geometry. The former is generally di-
vided into multiple sub levels which are grating (transmission or reflection), prism
(rare, except as a cross), grism (grating on a prism), narrow band imaging and in-
terferometry. The latter has sub divisions too, like long-slit, aperture of multi fiber,
Integral Field Units (IFU) or Tunable imagers. The diffraction grating is the prin-
cipal device which is used to generate wavelength dependent interference patterns
at various wavelengths like UV, NIR and visible regime. It consists of a series of
equally spaced slits in an otherwise opaque screen where each slit can be considered
as radiating secondary waves. [10] The most common diffraction grating used is the
reflective diffraction grating. The working principle can de deduced from Equation
2.1:

mλ = d[sin(α) + sin(β)] (2.1)

Where m represents the order of diffraction, λ is the diffracted wavelength and d
is the grating constant, which is the difference between the grooves, while α and β
are respectively the angle of incidence measured from the normal and the angle of
diffraction measured from the normal. The extremely high blaze angle of the Echelle
grating concentrates the energy in the higher orders. In the simplest case where
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light is incident on the grating at an angle of 0◦ the grating equation simplifies to
mλ = d[sin(β)] and if solved for sin(β) it becomes:

sin(β) =
mλ

d
(2.2)

It can be deduced from Equation 2.2 that in higher orders the angular separation
between two wavelengths increases. [49]
The blaze grating, which is the one used in the Mechelle 5000 and in the Shamrock
SR-163, is designed to concentrate light away from m = 0 to higher orders of m. The
reflecting surfaces are inclined at a fixed angle with reference to the surface of the
grating in order to reflect light in a preferred direction. The blaze has the goal of
increasing the grating efficiency so it can achieve higher orders. With the particular
inclined design of the blazed grating, the whole surface can be reflecting, since the
step where the two faces join provides a phase difference that allows diffraction. A
sketch of a blazed grating can be seen in Figure 2.1 In this Figure, it is possible to see

FIGURE 2.1: Blazed Grating Scheme

a ray of light hitting the grating with an α angle. Given the particular inclination of
the grating θ, the reflected light will have an angle β, corresponding to a particular
order of diffraction. The working principle follows Eq. 2.2 and in the case the angle
of incidence is equal to the angle of the grating the light is reflected at the same angle
θ.

2.2 Lumen Project Theory

2.2.1 Plasma Theory

Plasma is the fourth state of matter, after liquid, solid and gaseous. It is a cloud of
positively charged ions and electrons, giving to the whole plasma the ability of act-
ing as a whole and not as a group of atoms. Clarifying, a plasma is a quasineutral gas
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of charged and neutral particles which exhibits collective behavior [14]. Quasineu-
tral means that plasma is neutral enough to have approximately the same density
of ions and free electrons, but not neutral enough to have all the electromagnetic
forces equal to zero. Furthermore, the collective behavior describes perfectly the fact
that in plasma the motions depend not only on local conditions but on the state of
the plasma in far regions too. For an in depth analysis of the previously mentioned
phenomena refer to [14].

In order to understand completely the phenomena that has been encountered
during the experiments, some introduction on LIP (Laser Induced Plasma) is neces-
sary. LIBS is the technique used to study the LIP phenomena when the energy of
the laser focused on the sample exceeds its threshold value and plasma appears. LIP
is the result of a very powerful laser beam concentrated onto one point in a sam-
ple, the heat generated is so strong that it reaches an high temperature which, as a
result, will change the state of the sample in that point to plasma. The processes tak-
ing place in a laser induced plasma are many, and it is important to state that they
happen simultaneously, not with a defined order. These processes are collision ion-
ization, photo-ionization, radiative and three-body recombination, radiative decay,
collisional excitation and de-excitation process. LIBS is very effective when it comes
to spectroscopy of plasma over other measurements techniques for many reasons. It
requires a simple procedure for samples and only a small quantity of them to run
an analysis. Also can be used for conducting and non-conducting materials. On the
other hand, LIBS has some disadvantages too. It has detection limits and the results
are hard to reproduce. The processes cited above and the interaction of the laser with
the sample and the plume expansion are the reason for these disadvantages. For a
more detailed discussion on LIBS, refer to Section 2.2.4. The main parameter that is
used to determine the quality of the plasma is the emitted light. The light is captured
through the spectroscope in order to obtain all the information necessary to perform
a spectroscopic analysis. One of the most important data that can be obtained from
LIBS is the plasma temperature, which enables the understanding of the entire LIP
process. [7]

2.2.2 Plasma Temperature

In the previous section it has been stated that an important parameter concerning
plasma is its temperature. The word temperature might be confusing : Electron tem-
perature? Plasma gas temperature? Molecular vibration temperature?
The term temperature which is interesting for the spectroscopic analysis performed
at Test Bench P8 for the Lumen Project refers to the particular situation where the
above cited temperatures, and many others, are all the same. When this happens,
the plasma is in Local Thermodynamic Equilibrium (LTE).
In case Thermodynamic Equilibrium (TE) is achieved in a plasma, three equations
are valid: Maxwell Distribution, Boltzmann Distribution, Saha’s Distribution. [38]
This means that each process present in the plasma is in equilibrium with its cor-
responding reverse process. It is easy to understand that this particular situation of
LTE is not achievable in measurements because of deviations and of all the processes
that are running simultaneously. However, if it is possible to measure an LTE in a
particular region of the plasma, the above mentioned equations can be used. The
methods used to measure LTE are many, but the ones that interest the experiments
carried out at DLR are the Boltzmann Method and the Boltzmann-Saha Method.
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Boltzmann Method

In order to understand completely the Boltzmann Method for calculating LIP tem-
perature a short introduction on the emissivity of a particular transition of the species
in a particular area of the plasma is presented:

εnm =
hc

λnm
AnmNn (2.3)

In Equation 2.3, n and m are the upper and lower excited levels of the species ob-
served while εnm , which is measured in W cm−3, is the emissivity. λnm is the wave-
length of the transition measured in m, h is the Planck constant and Anm is the tran-
sition chance of happening. Nn stands for the population of a quantum level n, it is
measured in cm−3 and it is obtained solving the Boltzmann Distribution Law pre-
sented in Equation 2.4:

Nn = N
gnexp(−En/kT)

U(T)
(2.4)

Where gn is the degeneracy of the population at an n quantum level, En is the energy
of the same, measured in J, k is the Boltzmann Constant measured in J K−1 while
U(T) is the partition function. Solving Eq. 2.3 with Nn obtained from Eq. 2.4 it id be
possible to write an easier form of the emissivity equation, as presented in Eq. 2.5.

εnm =
hc

λnm
AnmgnN

exp(−En/kT)
U(T)

(2.5)

The partition function though, it is not an easy function from which one can derive
the temperature, which is the actual purpose of this method. For this reason, when
it comes to experiments, the emissivity value is replaced with the intensity line Inm,
which is calculated by the integer of the signal on the line of sight. By selecting two
separate spectra lines and correlating them Eq.2.6 is obtained:

Ii
nm

Inm
=

gi
nm Ai

nmλnm

gnm Anmλi
nm

(
− | Ei

n − En |
kT

)
(2.6)

Where the new values Ii
nm, gi

nm, Ai
nm and Ei

n are the line intensity, degeneracy, tran-
sition function and upper energy level of a different spectral line. Since the wave-
length and intensity can be measured while the remaining quantum variables are
calculated through different methods, it is possible to solve Eq. 2.6 for the tempera-
ture.
A more generic method that takes into account more spectral lines is called "Boltz-
mann Plot", which is better in terms of precision and temperature determination
in the case of various spectra. The equation describing this new method is refor-
mulated from the previous Eq. 2.5 considering only neutrals and ions as shown in
Eq.2.7:

ln
(

Inmλnm

Anmgn

)
= −En

kT
+ ln

(
hcN

U(T)

)
(2.7)

If one plots the left part of the equation versus the upper level energy En the slope
of the straight line found will be − 1

kT . In this fashion, it will be possible to calculate
automatically T without knowing the value of the partition function U(T). [7]
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Saha-Boltzmann Method

The Saha-Boltzmann Methods works in a slightly different way. It can describe the
population distribution of two separate ionization stages of the same species. It
works with the Saha-Eggart principle, which is expressed through Eq. 2.8

neNz+1

Nz = 2
Uz+1(T)
Uz(T)

(
mekT
2πh̄2

)3/2

exp
(
− E∞ − ∆E

kT

)
(2.8)

Which describes the number densities of the same species at different ionization
stages, as it can be deduced by the various z + 1 present in the equation. In the Eq.
2.8 ne, Nz and Nz+1, which are all expressed in cm3, are respectively, the electron
number density, the number density of a certain ionization stage z and of the next
stage z + 1. The mass of the electron, expressed in g, is symbolized by me, while E∞
represents the first ionization energy for an isolated system and ∆E is the correction
of E∞, both expressed in J, for the plasma interactions and it is obtained as follows:

∆E = 3z
e2

4πε0

[
4πNe

3

]1/3

(2.9)

The remaining term is h̄, which is the Planck Constant ratio with 2π. Knowing all
these terms, it is clear that the only terms that are isolated are the partition functions
and the temperature. Combining the Saha-Eqqart Eq. 2.8 with Boltzman Eq. 2.3 and
considering only the neutral atoms and the first ionization stage the Saha-Boltzmann
Equation is obtained as below in Eq. 2.10:

Iion

Iatom
= 2

(2πmekT)3/2

Neh3

(
gA
λ

)
ion

(
λ

gA

)
atom

exp
[
−(V+ + Eion + Eatom)

kTion

]
(2.10)

Where V+ is the ionization potential of an atom, Eion and Eatom are, respectively, the
excitation energy of the ionic line and of the atomic line. Tion is the ionization temper-
ature which can be derived by solving Eq.2.10. A similar procedure to the Boltzmann
Method for multiples spectra can be used also for this method. The equation is ob-
tained by combining Eq. 2.8 with the Boltzmann Equation 2.7 for multiple spectral
lines. The final equation is presented in Eq. 2.11

ln
(

Iz
nmλnm

Az
nmgz

n

)∗
= − 1

kT
Ez∗

n + ln
[

hcN0

U0(T)

]
(2.11)

Where the apex 0 is representative of the neutral atoms. The terms with the "*"
superscript instead, can be easier understood if represented as:

ln
(

Iz
nmλnm

Az
nmgz

n

)∗
= ln

(
Iz
nmλnm

Az
nmgz

n

)
− z ln

[
2
((

mek
2πh2

)3/2)T3/2

Ne

]
(2.12)

and

Ez∗ = Ez
n +

z−1

∑
k=0

(
Ek

∞ − ∆Ek
∞

)
(2.13)

Eq. 2.13 might seem confusing but, since the excitation energy is added to the ion-
ization energy, the term Ez

n will have a range that is bigger than the one of the Boltz-
mann Plot resulting thus in a higher accuracy in determining the temperature. Since
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the term z ln
[

2
((

mek
2πh2

)3/2)
T3/2

Ne

]
present in Eq. 2.12 is dependent on temperature,

the process will be iterative. The data are plotted irrespective of the newly added
term initially and a start temperature value is obtained. This starting value is ob-
tained and it is then put into the equations and a new value is calculated. The pro-
cess ends when convergence is achieved. [7]

2.2.3 Plasma Transitions

Plasma, when generated, is immediately subject to ion-electron recombination. Here,
the most interesting for the scope of this thesis are described in detail.

Plasma is mainly subject to:

• Free-Free Transitions (also known as Bremsstrahlung)
Bremstrahlung derives from the German words bremsen, which means to brake,
and Strahlung, radiation. Bremsstrahlung radiation is emitted when a charged
particle is deflected by another charge. It is a phenomena that happens com-
monly in plasma, since it produces radiation in this fashion. The generated
radiation can escape the environment without further interaction. An electron,
encountering a ion on hits path, may absorb or emit a photon. Depending on
this, the process will be called free-free emission (Bremsstrahlung) or free-free
absorption (Inverse Bremsstrahlung). If the electron emits energy and its ac-
celeration decreases, it is direct Bremsstrahlung, if it absorbs a photon and it
accelerates, it is inverse Bremsstrahlung. Since the electron is not bound to the
atom and it is free after and before the process, this phenomena is called Free-
Free Transition. In the actual spectra though, it is not possible to differentiate
one from the other since the spectrograph only detect a photon, it does not
concern if it has been emitted or absorbed, so only Bremstrahlung will be used
in the terminology for pointing out a free-free transition. [40]

• Free-Bound Transition
This kind of transition happens when an electron that is bound to an atom ab-
sorbs a photon coming from another source (ionization) or when a free electron
emits a photon and it is influenced by a nucleus once again (recombination).
With the new energy the electron has acquired it can free itself from the in-
fluence of the nucleus leaving the atom positively charged. Recombination
happens when the freed electrons emits a photons and falls back under the
nucleus influence. Since the electron moves from being bound to being free or
viceversa, this particular transition is called "Free-Bound Transition". [40]

• Bound-Bound Transition
Bound-bound Transitions happens when an electron moves between two ions
or atoms in a bound state or between different energy states. An electron orbit-
ing around a nucleus can move from its original ground state to an higher state
through excitation, or absorption of a photon, or it can fall back from an higher
state to its ground state through de-excitation, or emission of a photon.[40]

The relevant transitions for this study are given by the Bound-Bound transition,
represented by peaks in plots, while the Free-Free and Bound-Free transition will
constitute the base. As an example of what has been just written, the following
Figure 2.2 is presented. In this graph, plasma has been induced on air with the use
of the Laser described in Section 1.3.
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FIGURE 2.2: Plasma Induced On Air

As it is possible to see, the Bound-Bound Transitions are shown in the peaks
representing the characteristic transitions of a specific element (e.g. Nitrogen, Hy-
drogen, Oxygen), while the Free-Free and Bound-Free Transitions compose the back-
ground. The wavy form is given by the spectrograph. [23]

2.2.4 LIBS

LIBS stands for Laser Induced Breakdown Spectroscopy, or it can be found also un-
der the acronym LIPS, Laser Induced Plasma Spectroscopy. LIBS is a technique that
allows to perform both a quantitative and qualitative analysis of the plasma induced
in a gas, solid or liquid sample material thanks to the high energy of a high frequency
laser. The absence of a preceding preparation of the samples and the simple experi-
mental setup have allowed the use of this technique as an elementary analysis tool.
The tests carried out at P8 on the Lumen Project Engine are non ablative, so there is
no damage to the samples or the surroundings.

Basic setup includes a laser, target sample, optical fiber and a spectrometer. It
has been already introduced in previous sections but a short detailed list that sum-
marizes the advantages and disadvantages of LIBS are:

Advantages

• Higher Resolution over other measurements techniques

• Better Limit Of Detection (LOD)

• Neglible Sample Preparation

• Easy Setup
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• Reliability

• Remote Analysis

• Stand-Off

Disadvantages

• Poor accuracy

• Results are hard to reproduce

• Uncontrolled atmosphere

• Variation in Experimental Parameters

One of the disadvantages of LIBS is, actually, an advantage. The fact that one
can not control the atmosphere in which the experiment is run means that it can be
potentially applied everywhere. Be it a furnace, a nuclear reactor or the combustion
chamber of a cryogenic rocket, LIBS can still be used without any scientific issue.
[30]
LIBS works on the principle of Optical Emission Spectroscopy (OES). OES is a well
trusted analytical technique used to determine the elemental composition of a wide
range of materials. OES works in the UV regime and Visible regime. A list of com-
mon elements necessary for such a device are : an Electrical Source used to excite
atoms in a metallic sample in order to make it emit, an Optical system used to de-
tect the plasma and measure the intensity of it and a Computer System. When the
energy of an electrical discharge interacts with an atom, some of the electrons in the
outer shell are rejected since their bound to the nucleus is weaker and they require
less energy to be ejected. The ejected electrons create a vacancy, turning the atom
in an unstable state. In order to restore stability, electrons from higher orbitals fur-
ther away from the nucleus fall down to the lower orbital in order to fill the empty
spaces. The energy excess that is released during this process is emitted as light. Ev-
ery element has its particular spectral line of emission corresponding to the different
electron transition between different energy orbitals. [45]
In this sense OES and LIBS have a similar working principle but the latter is not con-
fined only to metals and it can be used in every state of the matter. Laser Induced
Breakdown Spectroscopy uses, as the words suggest, a plasma as source for atomic
and ionic emissions. The laser, in ablative tests, is the cause of the breakdown on the
material surface and it ablates the material, resulting in a plasma. In non ablative
laser experiments, the beam is focused into a point that is transformed into plasma
due to the high heat. Excited species in plasma decay and emit a particular spectra
through radiation processes. Since multiple species can be present in the plasma,
all decaying and radiating at the same time, they overlap each other and, for dis-
tinguishing them, a monochromator or a spectroscope is used in order to separate
the emitted wavelengths in individual lines that are accumulatively recorded as a
spectra. This spectra is essential to understand the fundamental parameters of the
plasma like electron density, plasma temperature, LTE and the composition of the
ionized gas. The latter is done based on the emission wavelengths registered while
the intensity provides data regarding the plasma temperature. [30]
The equations used for the determination of these parameters are the Saha-Boltzmann
and Boltzmann Equation described intensively in Section 2.2.2.
LIBS then is divided into Single Pulse LIBS and Multiple-Pulse LIBS. Single Pulse
LIBS (SP LIBS) uses only one powerful pulse of the laser for the formation of plasma.
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It is the easiest technique between the two cited and the one used during the experi-
ments at Test Bench P8. The instrumentation for SP LIBS does not require the align-
ment of optical components and, for this reason, it is very simple. Using a single
pulse means that only one single plasma plume is produced and studied per each
pulse. One of the greatest disadvantages of SP LIBS is the impossibility to reproduce
every shot because multiple factors can alter the measurements. The most influenc-
ing disturbing factor is the coupling of the laser pulse and the sample surface which
results in variations for the plasma temperature. Since SP LIBS lacks in terms of
detection and precision, it is not used for quantitative analysis, but there are no lim-
itations concerning qualitative analysis. [13]
The Laser used during the experiments at DLR is presented in Figure 1.5

2.2.5 Laser Physics

The laser used for the experiments carried out at DLR Test Bench P8 is a HiPoLas
designed by CTR. This section will describe:

• The working principle of a LASER

• The stimulated and spontaneous emission relation

• The amplification, generated by stimulated emission, of microwaves

• The principal types of LASER in use

The energy levels in an atom are discrete and the lowest of them is called the ground
state while the others are simply referred as excited states. As the energy of each
level increases, the gap between them decreases until it becomes so small that it is
not possible to distinguish an energy gap from the other, this is called continuum.

The most common form of interaction that can be found with an energy level is
given by incident radiation.

The ways in which this incident radiation can interact with the energy levels are:

• Absorption
Supposing to have an electron in a lower energy level orbital with a starting en-
ergy of Ei, a transition to an higher energy level will be possible if the electron
is able to reach the minimum, energy threshold for the "jump" E f . This energy
can be acquired by absorbing an incident photon. A necessary condition for
absorption to occur is presented in Eq. 2.14

v =
E f − Ei

h
(2.14)

Where h is the Planck Constant and v is the frequency of the absorbed photon.
If the previous equation is not satisfied, the matter becomes transparent to
incident radiation and no photon absorption takes place. [52]

• Spontaneous Emission
An atom will not stay in an excited state for long, if not stimulated. It will not
be in thermal equilibrium with the surroundings and eventually it will return
to its initial state by emission of a photon. Following a reasoning similar to the
one presented in Eq. 2.14, if Eexc is the energy of the excited state and Ein f of
the lower state, the frequency v of the emitted photon will be expressed by Eq.
2.15: [52]

v =
Eexc − Ein f

h
(2.15)
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• Stimulated Emission
Stimulated emission is a phenomena that occurs when an electron in an excited
energy state Eexc and a photon, with an energy equal to the difference between
Eexc and a lower state E, meets. The incident photon forces the electron in the
higher state to perform a transition to a lower energy state emitting a photon.
This emitted photon travels in the same direction of the incident photon that
caused the transition to happen. This emitted photon is traveling perfectly in
phase with the incident photon in the same direction. [52]

LASER stands for Light Amplification by Stimulated Emission of Radiation.
The idea of LASERs came in 1958 to Charles H. Townes and to Arthur L. Schawlow
when they realized that the effect of a single stimulated emission could be amplified
to multiple atoms in order to obtain a source of light coherent (in phase and travel-
ling in the same direction) and able to travel for long distances without losing beam
width. [21]
The working principle of modern lasers is the one described in the Stimulated Emis-
sion point but repeated multiple times. Clarifying, one starts with one photon which
hits an atom that releases consequently a photon. Now there are two photons trav-
eling in phase in the same direction when before there was only one. These two
photons may impact two different atoms generating a cascade. This simple idea can
give some hints on how it works but, in reality, it is not applicable and some further
analysis is needed. The reason why the example just proposed is not enough lays on
the fact that the time in which an electron remains in an excited state is of approx-
imately 10−8 s. For this reason, it is difficult to keep electrons in the excited states
for a long period in order to be stimulated by a photon. The atom is more inclined
to spontaneously emit a photon, which is problematic since the emission will have a
random direction.
A laser can be considered as the result of the mixture of an high frequency oscillator
and a resonator. The resonator, or laser cavity, is where the laser radiation can cir-
culate.The optical resonator has a gain medium or a light amplifier within it. This
gain medium amplifies the light that would have slowly faded away if the gain was
not present. The laser can not operate if the gain is lower than the resonator losses.
If this situation happens, the laser is said to be below the so called laser threshold
and it only emits some luminescence. In the opposite case the gain is higher than the
losses and the light power will quickly increase. At a fixed high value the gain will
be saturated and the laser power will be constant and equals to the resonator losses.
This situation is called Gain Clamping.

Some of the light inside the resonator is transmitted by the use of a partially
transparent window called output coupler mirror. This ray of light represents the
useful output of the laser. The parameter that indicates the effectiveness of the trans-
fer of light through the quasi-transparent mirror is called Slope Efficiency.

Some lasers can be operated continuously, while other are operated in a pulse
fashion. The latter is the type used for the experiments here at DLR.

There are many types of lasers, the most commonly used are :

• Semiconductor Lasers

• Solid State Laser

• Fiber Laser

• Gas Laser
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The one that has been chosen for the Lumen Project tests is a solid state laser. Work-
ing with lasers can raise significant safety issues regarding the eyes of the operator
due to the high intensity of emission and accidental eye contact. For this reason, a
pair of plastic glasses are to be always on while the operations are running. [42]

2.2.6 Quantum Numbers: An Overview

The reason why quantum numbers are introduced into this thesis is due to the na-
ture of the topic analyzed. Plasma physics, as described in the previous sections, is
a complex phenomena that involves a high number of processes that can not be ex-
plained in a classical way. Some basic quantum mechanics principles, like quantum
numbers, must be introduced before moving on.

Quantum numbers describe completely the behavior and the position of an elec-
tron in an atom, i.e. they describe each unique solution of the Schrödinger Equation.
They are important because they can be used to determine the configuration of the
electron and the possible position of the electron in the atom’s shell, the ionization
energy and the atomic radius. They represent the specific shell, the subshell, the or-
bital and spins of the electrons around a nucleus. The amount of quantum numbers
used for describing those parameters is four:

• Principal Quantum Number n
n describes the electron level of the electron. This means that it is actually sym-
bolizing the most likely distance that particular electron has from the nucleus
so the larger the number, the further the electron is. The first electron level,
n = 1, represents the ground state and this explains why there can not be neg-
ative or zero values of the principal quantum number. The "jump" to an higher
shell happens when the electron is excited by the absorption of a photon. For
the same reason, if an electron is not excited it will normally come back to the
ground state. The values the Principal Quantum Number can acquire range
from 1 up to the last level of the atom which has an electron. [18]

n= 1, 2, 3, 4...

• Orbital Angular Momentum Quantum Number l
This particular number, defined analytically by the l letter, indicates the shape
of the orbital and so the angular distribution. In fact, l represents the number
of the angular nodes and each value represent a different orbital, which are s
for l = 1, p for l = 2 , d for l = 3 and f for l = 4 and so on. This number is
dependent by the principal quantum number because this number can also be
0. [18] The relationship is below presented:

l = 0, 1, 2, 3, 4, and so l = ( n - 1 )

• The Magnetic Quantum Number ml
The Magnetic Quantum Number ml represents the actual number of orbitals
present and their orientation. For this reason, its value depends on the Orbital
Angular Momentum Quantum Number l. [18] For any l, ml will range between
−l and +l following:

ml = -l, (-l + 1), (-l + 2),..., 0,..., (l - 1), (l - 2), l

• Electron Spin Quantum Number ms
The Electron Spin Quantum Number ms does not depend on any of the num-
bers described above. It indicates the spin direction of the electron, meaning
that it can be ± 1

2 . When ms = + 1
2 means that the spin is upward, while when

it is negative it spins downward. The spin of an electron gives information
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regarding the possibility for the atom to have a magnetic field or not.[18]

• Total Electronic Angular-Momentum Quantum Number J
The total electronic angular momentum quantum number is a particular term
which is introduced for the identification of a particular ion using the NIST
website. It parameterises the total angular momentum of a given particle by
combining its orbital angular momentum and its intrinsic angular momentum.
[26] It is described as follows:

J = ms + l

Unique Identification of Ionization States

Since there are many ionization states for every element, it is necessary to introduce
a way to distinguish one from the other.

The NIST website uses four different terms for this. The lower energy levels and
the upper energy levels are described with the electron configurations deriving from
the Bohr atomic model, the Term, that is simply a way of grouping the energy levels,
and the J which is the Total Electronic Angular-Momentum Quantum Number. As
an example, Figure 2.3 is presented. It represents the second ionization state of Car-
bon in a very tiny wavelength range at 426.7 nm. Marked in red is the area where
the identification takes place. The first column represents the electron configuration,
the one in the middle represents the term and the last one represents the J. The same
applies for the upper energy level. [35]

FIGURE 2.3: Example of Ion identification, courtesy of [35]

Following this Figure, it will be possible to note in the upcoming analysis of the
peaks there will not be any mistake possibilities concerning the identification of the
ionization states. They will always be listed accordingly to the previously described
picture so, as an example, CII (LOWER: 2s23d, 2D, 3/2 UPPER: 2s24 f , 2Fo, 5/2).

2.2.7 Quantum Efficiency Curve

Quantum Efficiency is a feature of ICCDs. It is one of the most important factors
when one has to determine if an ICCD is the most efficient one for the experiment
or not. It is described as a curve, as shown in Figure 2.5, with Quantum Efficiency,
measured in % on the y axis and wavelength (λ) (nm) on the x axis. The quantum
efficiency of an ICCD will depend in the photocathode as opposed to the CCD chip
that is used. A photocathode is a negatively charged electrode that when gets hit
by a photon emits an electron due to the photoelctric effect. This electron is then
attracted by an electric field generated by the Micro Channel Plate and it will then
proceed to the optic fiber in order to produce the final output image. A scheme of
an ICCD internal structure is presented in Figure 2.4.

Summarizing, it indicates how sensible the ICCD is on a given wavelength. Sup-
posing that the QE is of 10%, it means that there is a 10% chance of detecting the
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FIGURE 2.4: ICCD internal Scheme, courtesy of [1]

photon at that particular wavelength. In experiments which involve NIR or UV ob-
servations, it could be crucial to choose the right camera. The one used for all the
experiments is the W-AGT photocathode presented in Figure 2.5. This means that
when a spectra is captured, it must be taken into account that the quantum efficiency
curve is altering the relative intensity. [6]

FIGURE 2.5: Quantum Efficiency W-AGT, courtesy of [6]

2.2.8 Hydrogen

Since an high presence of Hydrogen is expected, some basic notions on this chem-
ical element are presented. This section will include the Balmer series and a short
introduction on this element.

Hydrogen: An Overview

Hydrogen is a chemical element that is described in the Meneleev Table with the
atomic number 1. It has a standard atomic weight of 1.008 and this gives it the title
of "lightest element in the periodic table". It is the most common element that can
be found in the entire Universe and it has one proton and one electron. It appears
naturally as a colorless gas. Liquid hydrogen (LH2) is commonly used as a liquid
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rocket fuel usually mixed together with Liquid Oxygen (LOX) and burned with va-
por with traces of ozone and hydrogen peroxide as an exhaust product. LNG could
be used as a oxidizer in LNG/LOX rockets, which is the case of the Lumen project.
LNG is a natural gas, which is mainly formed of Methane (CH4) with some mixture
of ethane (C2H6), that has been cooled down to liquid form. Hydrogen is one of the
most studied elements, and the vast literature that could be find about it is the proof
of this ([44], [33]). Since LNG has a high presence of Hydrogen in it, it is most likely
that when the tests will start, it will be possible to find high emission of it.

Balmer Series

Balmer series is the name given to six named series that describe the spectral line
emissions of Hydrogen. The origin of this series is empirical and it was discovered
by Johann Balmer in 1885.
Hydrogen atoms in a discharge lamp emit a series of lines in the visible part of the
spectrum, which is the best definition of what a Balmer series is. The formula that
describes the wavelengths measured in this way is shown in Eq. 2.16

1
λ
= R

[
1
22 −

1
n2

]
(2.16)

Where n are the integers up to infinity and R is the Rydberg Constant and λ is the
wavelength. Balmer Series is valid only for describing the spectral lines of Hydro-
gen. In 1889 Robert Rydberg discovered another empirical formula able to describe
the spectra of other elements, which is presented in Eq. 2.17

1
λ
= R

[
1

n2
f
− 1

n2
i

]
ni > n f (2.17)

Where ni and n f are integers up to infinity. The ni = 2 indicates Hydrogen.
Figure 2.6 represents the hydrogen spectrum lines for four main wavelengths posi-
tioned at 410 nm, 434 nm, 486 nm and 656 nm. It is significant because they represent
the emissions of photons performed by electrons that transits between excited states,
which is described by the principal quantum number n = 2.

FIGURE 2.6: Balmer Series: Hydrogen Emission Lines, courtesy of
[28]

The blue lines on the far left represent the Balmer Lines for the UV regime with
wavelengths between 410 nm and 434 nm. [41]

The electron transitioning from n ≥ 3 to n = 2 is what characterizes the Balmer
Series. The transitions are named sequentially as shown in Table 2.1:

Hydrogen-α

Hydrogen-α is a specific deep red line in the Balmer series of Hydrogen spectra. It
has a wavelength of 656.281 nm and it express the transition from the n = 3 state to
the n = 2 state. [50]



2.2. Lumen Project Theory 23

Transition Name Color
Wavelength
(nm)

n=3 to n=2 H-α Red 656.453
n=4 to n=2 H-β Aqua 486.13
n=5 to n=2 H-γ Blue 434.04
... ... ... ...

TABLE 2.1: Balmer Series: Main Hydrogen Transitions

Hydrogen-β

Hydrogen-β is a specific deep aqua line in the Balmer series of Hydrogen spectra. It
has a wavelength of 486.1 nm and it express the transition from the n = 4 state to the
n = 2 state. [50]

Hydrogen-γ

Hydrogen-β is a specific deep blue line in the Balmer series of Hydrogen spectra. It
has a wavelength of 434 nm and it express the transition from the n = 5 state to the
n = 2 state. [50]
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2.2.9 Typical Plasma Emission Spectral Lines

In this section the typical plasma emission lines for the main elements that are found
during the experiments will be presented. Those lines are quite important because
referring to them, it will be possible to compare the results obtained during the ex-
periments with these empirical data in order to have a first idea of the possible ele-
ment detected. Since all elements emit at a particular frequency, comparing a spectra
with the below presented plots will help identifying the nature of the plasma. The
main characters in these experiments are: Hydrogen, Carbon and Oxygen. Hydro-
gen lines, presented in Figure 2.7, follow Balmer series lines, and it is possible to
correlate the above mentioned Figure to Table 2.1. It has to be noted that the inten-
sity axis is represented by arbitrary units (Counts).
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In Figure 2.8 are represented all the emission lines for the various ionization lev-
els of Carbon. The first one, the second, the third and the fourth are displayed since
they are the most likely to be encountered during the experiments.
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Concerning Oxygen, Figure 2.9 shows the spectral lines of oxygen for each ion-
ization state.
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From The Spectra to the LTE Measurement

The procedure that will be used during the Lumen Project tests is introduced. Fur-
ther details are given in Section 3.5. Once the LNG and LOX are introduced into the
combustion chamber, the laser will start the ignition. The high energy carried by the
laser will ionize the gas turning it into a plasma. This plasma will be detected by
the fiber glass present inside the combustion chamber, which will carry the signal to
the spectrograph placed far from the rocket engine, which will consequently be trig-
gered. The spectrograph prism will then diffract the light in multiple lines that will
be recorded by the camera. The data will be stored on a laptop in an .ascii format.
This kinetic series recorded will then be studied by the user in order to acquire infor-
mation about the processes in the chamber. The data from this will then be analyzed
taking into account the Transition Probability (Anm), the Degeneracy (gn), the Energy
Levels of the excited states (Eexc and Ein f ) and the Relative Intensity (Inm). They are
needed to find at least three excited state of the same element in a single spectra.
Once this has been done, it will be possible to proceed using the Boltzmann equa-
tion to see if any LTE-like phenomena has been recorded. The quality of the spectra
is something that the user needs to take into account. Once the perfect spectra is
detected, some filtering to refine the result is performed and then the intensity value
is used to calculate the Boltzmann-plot with Eq. 2.7. The results will be the temper-
ature values and, if the values measured for the observed elements (e.g. Hydrogen
Balmer Series) are linear, the LTE condition has been recorded and the experiment
can be considered satisfactory. Since high emissions are expected from Hydrogen, it
is useful to have an idea of how the ideal slope should look like in Figure 2.10.The
hydrogen wavelengths taken into account are exactly the Balmer Series ones.
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FIGURE 2.10: Boltzmann Plot: Ideal Hydrogen Fit (NIST Data Web-
site)

Taking the data regarding the degeneracy and the transition probability from the
NIST database, it is possible to calculate a Boltzmann Plot using Eq. 2.7. In Figure
2.10 the results are presented. It is remarkable to not how the slope value m is used
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to calculate the plasma temperature via the following:

m =
1

kT
(2.18)

Equation 2.18 uses the Boltzmann Constant expressed in eV/K to calculate the
temperature of the plasma thanks to the slope inclination.

According to the closeness of the points to linear fit, it is possible to estimate the
precision of the temperature obtained. The plot presented is not in good LTE condi-
tions since the data points are set far from the slope. The reason why is because the
dataset of the NIST website is not compiled for LTE measurements but for general
spectroscopy.

It may be useful to have an idea of the ideal fit for both Carbon and Oxygen since
they are the remaining elements present in the combustion chamber. In Figure 2.11
the Carbon fit is shown while Figure 2.12 shows the Oxygen fit. The wavelengths
taken into account are 505.21 nm for C I, 426.7 nm for C II and 580.133 nm for C IV.
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2.2.10 Organic Flames

Even if the flames of the Lumen Project are not studied in this thesis, some basic
notions on the combustion products and propellants are introduced.
Organic flames are generally the result of the combustion of LOX and Methane. The
literature with this mixture of propellant is vast and the working principle is well
known and understood like [48] explains in detail. LNG/LOX literature however is
not so big, probably because it is an innovative technique. Its applications in space
propulsion vary from service module thrusters, descent vehicle thruster to upper
stages. This technology is currently the center of a deep international study for its
future uses on a possible Mars colony [15]. It is low cost, high thrust and able to
perform re ignition.

LNG

LNG stands for Liquefied Natural Gas. It is a natural gas in liquid form. Being a
liquid natural gas means that it is composed of Methane (CH4), Ethane (C2H6) and
other gases in smaller quantity, that have been cooled down to 110 K. LNG it is not
explosive and it will stay in liquid form at ambient pressure if stored at the above
mentioned temperature. [27]

LOX

LOX is the liquid form of Oxygen. It is a cryogenic oxidizer propellant that can be
used together with LNG, Liquid Hydrogen and Kerosene [9].

2.2.11 Error Estimation

The estimation of the error that occurs in the determination of the temperature is
widely discussed in literature. The scientific community agrees on pointing out that
the temperature determination error is primarily caused by the uncertainties of the
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transition probabilities and the statistical errors coming from the line intensity mea-
surements.[7] [8] [39]

2.3 Vulcain 2.1 Theory

2.3.1 Flame Emission Spectroscopy

Flames are the most visible result relative to a combustion process. Each flame has
its own specific spectra dependent on multiple factors not only related on the pro-
pellants used [25]. Since multiple factors comes into play when it is time to define
the emission of a flame, it is difficult to give an exact definition of how to perform a
spectroscopic study of the flame. This is because radiation is dependent on temper-
ature, wavelength, gas mixture, gas/oxygen mixture ratio, gas purity, burner type
and many more. There are many types of combustion flame, they can be classified
based on the emission spectra. The main emission spectra are : Line Spectra, Band
Spectra and Continuous Spectra. [51]

Line Spectra

The lines found in this spectrum are emitted or absorbed by free atoms. In this way,
each line represents a transition of an electron to another energetic state.

Band Spectra

Band spectra difference with the previous one is given by the fact that the electronic
change of state is accompanied by simultaneous changes in the internal vibrational
and rotational energy of the molecules, giving rise to a number of bands.

Continuous Spectra

Continuous spectra are due to transitions in which one of the states involved in the
combustion process is unquatized, having thus free kinetic energy. In this way, re-
ferring to a continuous spectra, one will use the terms ionization, dissociation and
association instead of absorption and emission.

In this thesis, when a spectra will be shown it will always be a Line Spectra (Lu-
men Project) or a Band Spectra (Vulcain 2.1). The Lumen Project is an organic flame,
given the presence of methane or LNG and it is not studied, while the Vulcain 2.1
flame is an Hydrogen flame and it is deeply analyzed. The study of the flame spectra
for the above cited typos is related to the emittance or absorbance radiation. These
radiations are expressed through the wavelength of the photons emitted/absorbed.

2.3.2 Hydrogen Flames

The main characters present in hydrogen flames are OH∗ at 310 nm and blue radi-
ation, which is a continuum of radiated wavelengths with peaks at around 450 nm
[51]. OH∗ derives from the chemiluminescent reaction given by Eq. 2.19:

O + H → OH∗ (2.19)
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other possible reactions are presented in Eq. 2.20, 2.21:

O2 + H → OH∗ + O (2.20)

OH + (O)H + H → OH∗ + H2O (2.21)

Eq. 2.21 is of importance because it points out that OH∗ can be obtained even when,
from the ground state, it is involved in recombination processes as a third agent,
which is a situation that can easily occur inside a combustion chamber [51]. The
combustion of hydrogen and oxygen is so mainly used because of its high efficiency
for liquid propellants rockets. Ideally, in these flames, only molecules from hydro-
gen and oxygen will be recorded by a spectrometer. It is remarkable to state, even
comparing the different Figures presented in Section 5.2 that OH∗ is not as sensible
as blue radiation to pressure changes. Further information on the dependence on
pressure of blue radiation can be found at [47].

OH∗

OH∗ is the hydroxil radical and it is the neutral form of the hydroxide ion. This
radiation comes from the spontaneous transitions of the first electronically excited
state of the hydroxyl to the ground state [47]. As mentioned before, the wavelength
at which it can be visualized on a spectra is approximately at 310 nm. It is the clear-
est radiation of flames in the UV regime and the constant product of a combustion
containing hydrogen [22]. OH∗ is in thermodynamic equilibrium at approximately
2700 K [24] while the radiation from colder flames is caused by chemiluminescence,
which, as stated above, is the emission of light as the result of a given chemical reac-
tion.

Blue Radiation

Blue radiation is a particular term which refers to a continuum part of the spectra of
hydrogen flames with broad peaks at approximately 450 nm. It is clearly in the vis-
ible regime and, as stated in [47], it it dependent on the pressure of the combustion
chamber. This last notion is the reason why in the Figures presented in 5.2 the con-
tinuum spectra of the visible regime is changing. In contrast to OH∗ radiation, little
information is available on the blue radiation of hydrogen flames [47]. It is thought
to be a chemiluminescence reaction, but it is only a possibility. Further information
can be found at [22].
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Chapter 3

Experiments

3.1 State Of The Art: Lumen Project

Laser Ignition in combustion chambers is an innovative and efficient technology.
DLR applies laser ignition for the Lumen project. The use of lasers in combustion
chambers is 20 years old and in the past decade it has gain importance in Space
Propulsion [37]. It is attractive because of the precise timing and simplicity of ex-
ecution if compared with other ignition system (e.g. sparky plug ot pyrotechnical
devices [47]). A core development was the production of miniaturized Q-switched
solid state lasers. This was necessary in order to produce low weight and robust laser
system capable of being applied in Space Systems. In recent years, at the test bench
M3.1 of the DLR Institute for Space Propulsion, laser ignition of a single and a five
coaxial injector configuration of a research thruster has been successfully tested with
hundreds of ignitions performed for high altitude injection conditions for two pro-
pellant combinations, liquid oxygen and gaseous hydrogen (LOX/H2) and liquid
oxygen and gaseous methane (LOX/CH4) [37].Once these experiments gave satis-
factory results, more research was necessary to develop this technology in order to
be used for large cryogenic engines. To achieve this goal, a test campaign at Test
Bench P8 has been carried out to investigate on the perks of laser ignition on rockets
as well as to demonstrate the feasibility of this idea. The basic setup for the experi-
ment is composed of a conventional 15 coaxial injector head, a segmented cylindrical
combustion chamber with an inner diameter of 50 mm, a nozzle with a diameter of
33 mm. The propellant used back then was a LOX/H2 while the combustion cham-
ber was composed of 5 watercooled segment. Those segments were an igniter, which
included two inputs for for a different mounting position of the laser, 3 ports for op-
tical analysis via spectrometer, 2 dynamic pressure sensors, a spectrometer and the
nozzle.[12]

The laser used is the same used for the LUMEN Project, so it was a HiPoLas de-
veloped by CTR AG which was mounted directly on the combustion chamber. It
used 50 mm focal lens for focusing the laser beam on the shear layer of LOX and
LNG. The focal point was placed in proximity of one of the coaxial injectors. The
trigger system and the optical probe were connected via glass fiber with the spec-
trograph. A picture of the overall setup for this experiment is presented in Figure
3.1.[11]

In the course of this previous test, more than 400 ignitions have been registered.
This is the final proof for the feasibility and simplicity of laser ignition for cryogenic
rocket engines. It is remarkable to underline that the same engine has been re-ignited
more than 60 times, proving also that this ignition methodology is also capable of
reignition of upper stage rockets. [12]
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FIGURE 3.1: State of the Art: Previous Test Campaign at Test Bench
P8. Courtesy of [12]

3.2 State Of The Art: Vulcain 2.1

The new Vulcain 2.1 represents the pinnacle of rocket engine technology of Ariane-
group for carrying Ariane 6 to space in 2020. It is intended to outcome its previous
ancestors in terms of reliability and costs. The Vulcain 2.1 must show its capability
of surviving temperatures of approximately 3000 K in the combustion chamber, high
rotational speed of turbopumps and to withstand the pressure given by the propel-
lant lines together with the delivery of the necessary thrust. Its predecessor, Vulcain
2, was used on Ariane 5 as the main stage rocket engine and was able to carry out
more than 70 flights. The state of the art of the Vulcain 2.1 derives directly from the
Vulcain 2. It is basically the same engine but re-designed in order to prove itself to be
cheaper, more reliable and able to be produced in series. The main differences with
the predecessors are a gas generator, a simpler nozzle, a combustion chamber that
can be ignited by the ground support system and an oxygen heater for tank pressur-
ization. The reason why Arianegroup decided to re-design an existing rocket engine
was taken after an ESA Meeting in December 2014. It was done in order to adapt to
the growing competition of other agencies/companies. Tests will try the engine at
its own limits, higher temperatures, higher pressures and different ROF [36].

3.3 Facilities

The facilities in which the tests have been run is the Test Bench P8 for what concerns
the plasma analysis and the Test Bench P5 for what concerns the flames emission
spectroscopy performed on the Vulcain 2.1 engine.

3.3.1 Test Bench P5

Test facility P5 was built between April 1988 and July 1990. In the period from 1990
to 1996, the development tests for the Vulcain engine of the cryogen main stage
for the European carrier launcher Ariane 5 were carried out here. Acceptance cam-
paigns for aircraft engines were run on P5 between 1996 and 1998. From 1999 to 2004
development tests for the enhanced Vulcain 2 engine were done here. Currently and
in the future, P5 serves and will serve for flight-accompanying campaigns for the
Vulcain 2 engine tests. At the moment, test facility P5 is converted to the new main
stage engine Vulcain 2.1. The upcoming Ariane 6 will use this engine. [43]
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3.3.2 Test Bench P8

The Lumen Test Camapign at DLR Test Bench P8 uses a mixture of Liquefied Natural
Gas (LNG) and LOX as propellant. LNG is a natural gas that is mainly formed of
Methane (CH4) with some mixture of ethane (C2H6) that has been cooled down to
liquid form. Refer to Section 2.2.10 for further information. Test Bench P8 was built
in 1993 by DLR with the financial support of the German Government together with
CNES, DASA and SEP [34]. This test bench is able to supply a combustion chamber
with propellants delivered at high pressure up to 360 bar. The supplier is able to
withstand a delivery of a maximum of 5 kg s−1 of LNG and 8 kg s−1 of LOX. It is
able to supply gaseous hydrogen, if needed, at both a warm state or cold state. with
the ability of substituting LNG with LH2 or Methane. There are two many more
building in the P8 Test Bench named P8.1 and P8.2 actually operational and a new
one, P8.3 is currently being built. All these three structures can be operational up to
100 days each year, assuring an high availability for testing activities. In the control
room of the P8 the tests can be observed from a safe distance and operators are able
to modify parameters while the experiment is running. [17]

3.4 Equipment

Equipment For The Lumen Project

The equipment needed for the Lumen Project are:

• Mechelle 5000

• HiPoLas Laser 1064 nm

• iStar sCMOS 18 F 03

• Glass Fiber

• FOFMS Filter

• BNC Cable

• Laptop

Equipment For The Vulcain 2.1

The equipment needed for the Vulcain 2.1 are:

• Shamrock SR-163

• ICCD DH720 Gen II

• Glass Fiber

• FOFMS Filter

• BNC Cable

• Laptop
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3.5 Procedure

3.5.1 Procedure For The Lumen Project

The procedure used for all the experiments relative to the Lumen Project are pre-
sented here. In Figure 3.2 are shown the guidelines and milestones to be surpassed
at every measurement.

FIGURE 3.2: Procedure Flowchart For the Lumen Project
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The most important step to be done happens even before the experiment starts.
It is the calibration of the spectrograph. If the spectrograph is slightly off calibration,
the user will not be able to perform a correct analysis of the results because, since ev-
ery elements emit on a fixed wavelength, if the spectrograph has been set up with an
error of 1 nm what is thought to be , as an example, Hα could be CuI in reality. The
calibration is performed correctly thanks to a Hg(Ar) with a known spectra. Once
the experiment has started, the spectrograph will be automatically triggered at the
first plasma detection and the data acquisition will start, all .sif files are saved auto-
matically in the designated folder of the user. The pulses generated by the laser were
emitted once every 20 ms, the spectrograph is then triggered by the detection of the
1064 nm wavelength and the recording of the plasma starts. The Mechelle 5000 is
triggered following the sketch presented in Figure 3.3. As it is possible to see, the
laser is directed towards the combustion chamber. When the laser excites the propel-
lants in the combustion chamber, it will emits photons. These photons will then be
detected by the glass fiber placed right close to the laser head. These photons will be
carried to the FOFMS optic filter, this is done because the spectrograph must be trig-
gered only by the laser and, given an exposure time, it will start the recording after
this condition has been satisfied. Once the photons have been filtered, a converter
will read that the laser has been activated and it will turn the photons into rectan-
gular 5 V waves that will be carried to the spectrograph via BNC and the recording
will start. During the experiment, it will be possible to see the spectra live. When the

FIGURE 3.3: Hardware Setup For the Lumen Project

experiment is concluded, the analysis of the data can begin. Using SOLIS, which is
a designated software for Spectroscopy developed by Andor Technology based on
their equipment, it will be possible to isolate and study single frames. Once a list of
the most likely LTE frames have been detected, MATLAB comes into play in order
to filter the frames concerning the noise derived from the spectrograph and from the
Bound-Free and Free-Free Transitions. Once this has happened, only the peaks of
the Bound-Bound Transitions will be shown together with the baseline. Depending
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on the spectra, the user could prefer to have just a reduced wavelength (E.G. only Hα

is wanted) and to do so, it will be possible to use the code reducedwavelength.m file
attached in the Appendix A.1.3. When the peaks have been found, the file containing
the baseline together with the peaks can be moved to ORIGIN 8.1 where they will
be plotted. With the features of this program it will be possible to detect the peak’s
wavelength and, together with the NIST website, it will be possible to determine
the element and its ionization state. NIST stands for National Institute of Standards
and Technology. In the moment three ionization states of the same element have
been found, there is a very high chance of having detected an LTE. In order to prove
this, the use of a previously written code at DLR to automatically solve and plot the
Boltzmann plot will be necessary. This particular code is an automation of calcu-
lus for solving the Equations presented in Section 2.2.1. In order to do so, the code
will require from the user to input all the data useful for the solving e.g. Transition
Probability, Degeneracy etc.

If the Boltzmann Plot is solved, the Figure obtained will ideally be a three dots
graphs with a line intersecting them, demonstrating the linearity of it and the correct
detection of an LTE measure. The next useful step will be the evaluation of the
temperature.

3.5.2 Procedure For The Vulcain 2.1 Hotrun

In this section the procedure for the equipment of the Vulcain 2.1 hotruns is pre-
sented.

The tests are observed by a bunker at a safety distance from the engine’s high
noise close to test bench P5 or in remote, through internet connection on a laptop that
is linked to the spectrograph. The procedure applicable for every test run presented
in this thesis is shown in Figure 3.4.

As it is possible to see, there are only small differences from the Lumen Project
procedure presented in Figure 3.2. This experiments do not investigate LIBS or other
plasma phenomena but they investigate on flame emissions from a main stage rocket
engine. Once the experiment is running, the spectrograph, which is placed in a
shielded box outside the nozzle, will be triggered by the high emissions of photons
generated by the plume and it will start recording. The user then will be connected to
the spectrograph and will be able to have a live feed of it. All the spectra captured are
automatically saved on the designated folder and a copy is instantaneously created
in order to avoid accidental loss of data. Once the experiment has ended, the analysis
part takes place. With the aid of SOLIS, it is possible to study frame per frame the
entire run. Changes in the ROF of the test can for example be detected by observation
of sudden variations in the relative intensity of the main elements.

Once this has been done, a time table of the multiple time steps encountered is
created in order to place the various events at the correct point in time.

Furthermore, MATLAB is used to isolate a single (or more) wavelength during
the entire run to have a detailed analysis of the emission of an element during the
different phases of the hotrun. When the dataset is ready, ORIGIN 8.1 is used to
plot the results. Sequentially, a power point presentation is prepared to present the
complete spectroscopic analysis of the plume to ArianeGroup staff members.
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FIGURE 3.4: Procedure Flowchart For the Vulcain 2.1

3.6 Setup

Setup For The Lumen Project Recordings

The Lumen Project hardware flowchart has been introduced in Subsection 3.5.1. In
this section the setup will be analyzed with the aid of real laboratory figures. All the
tests performed concerning the Lumen Project took place in Test Bench P8, which is
presented in Figure 3.5.
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FIGURE 3.5: Test Bench P8, courtesy of DLR Lampoldhausen

In the designated test room, the Lumen Project Combustor is assembled as Figure
3.6 shows. In this picture, it is possible to see the combustor during a pressure test.
This can be deduced by the fact that the nozzle is sealed. In Figure 3.7 the current

FIGURE 3.6: Lumen Project Combustor, courtesy of DLR Lampold-
hausen

design of the whole combustion chamber and nozzle part is shown. The red cable
represents the glass fiber and, following its path, it is possible to note how it ends just
below the laser in order to catch the 1064 nm photons emitted by the CTR HiPoLas.
The CTR Laser is fixed to the combustion chamber external plate and it has a direct
link to the injector plate in order to stimulate the combustion.
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FIGURE 3.7: Lumen Project Combustor Closer View, courtesy of DLR
Lampoldhausen

In Figure 3.8 the application of Figure 1.4 is presented. The black cable on the top
left is the output pin port. The brown/orange cable is connected to the triggering
system and black cable with the two metallic pins is connected to the computer. The
alluminium cable is connected to the Mechelle 5000 for syncronization.

FIGURE 3.8: Lumen Project sCMOS, courtesy of DLR Lampold-
hausen

Setup For The Vulcain 2.1 Recordings

The setup for the Vulcain 2.1 recordings involved the Shamrock SR-163 as a spectro-
graph and the ICCD DH720 Gen II as a camera.
The spectrograph was triggered before the ignition remotely and started recording
the emissions of the plume. It is calibrated for recording without stopping for the
whole duration of the experiment, automatically saving the data in the user’s folder.
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Chapter 4

Results

This Chapter describes in detail the experiments performed on the Vulcain 2.1 and
the Lumen Project engines with a brief description of the results. A more detailed
discussion will be carried out in Chapter 5. The Vulcain 2.1 tests were carried out at
the Test Bench P5 while the Lumen Project tests were implemented at the Test Bench
P8.

4.1 Vulcain 2.1

The experimental results obtained by the spectroscopic observation of the combus-
tion flame of the above mentioned engine are linked to plume spectroscopy. This
means that the spectrograph will be able to detect molecules and not only single
elements. The results are important for all the information that they bring to Ari-
anegroup concerning the operational status of the Vulcain 2.1. First the Vulcain 2.1
results are presented, the Lumen Project ones follow.

Before the analysis, a short summary of the wavelength regimes interested is
presented in Table 4.1. The acquisition frequency is 10 Hz

TABLE 4.1: Wavelength Regimes

Name Range (nm)
UV 120-400
Visible 380-740
NIR 780-2500

4.1.1 First Hotrun Test on Vulcain 2.1

The test consisted in a spectroscopic analysis of the flames of the Vulcain 2.1. The
expected results consist in emission lines of the OH∗ spectra.
OH∗is present at approximately 330 nm in the UV regime while Copper (Cu), has
been recorded for the whole duration of the combustion at 543 nm.

Only the major events have been listed in Table 4.2.
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TABLE 4.2: Major Events of the first Vulcain 2.1 Hotrun
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The point of the spectroscopic analysis is that Arianegroup is interested in the
spectra measured by the Shamrock in order to understand the overall efficiency of
the engine. OH∗ is a residual of the combustion process that is ejected by the noz-
zle. It is the result of chemical reactions or thermal collisions [47]. Depending on
his intensity value, it is possible to deduce any changes in the ROF and the overall
performance of the rocket engine.

The curious thing that has been measured during this test is the peak measured
around 543 nm of Copper. In Table 4.2 one can see, using as an additional proof
Fig 4.1, that at frame ∼700/8000 the presence of it is still really high and it has been
measured throughout the whole spectroscopic analysis. It has been noticed later that
the Copper recorded was coming from the cooling film. For the discussion on the
combustion, refer to Table 4.2 and Chapter 5.

FIGURE 4.1: Spectral Emission of the Vulcain 2.1 Hotrun at 700/8000
Frame

4.1.2 Second Hotrun for Vulcain 2.1

The equipment, the place and the purpose of the test is the same of the first hotrun.
A list of the principal events recorded during the test is presented in Table 4.3.

The interesting aspect of this new hotrun is based on the new wavelength pres-
ence at 670 nm. According to the emission spectra, it is in the visible light regime
and the color is red. The nature of this particular element is found with the aid
of the NIST website (https://physics.nist.gov/PhysRefData/ASD/lines_form.
html). Inserting the wavelength acceptable range between 650 nm and 680 nm it
is possible to detect the most likely molecule or element that has been seen by the
spectrometer. According to this procedure, the element recorded could be Cu III or
Cu II which is the element composing the cooling film.

https://physics.nist.gov/PhysRefData/ASD/lines_form.html
https://physics.nist.gov/PhysRefData/ASD/lines_form.html
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TABLE 4.3: Major Events of the second Vulcain 2.1 Hotrun

Time Events Notes
t0 Start of the Ignition Peaks at 543 nm (Cu)

t0 + 1s Combustion starts
Emission in the OH∗ wavelength range
High emission in the Visible Regime
Peaks at 543 nm (Cu)

t0 + 2.5s = t1 Stable Combustion
OH∗ Emissions are stable
High preaks at Cu
Stable Peaks at 670 nm

t1 + 32s Decrease in Cu intensity
Decrease in 670 nm Intensity

OH∗ unchanged

t1 + 53s Increase in Cu Intensity
t1 + 65.5s Increase in OH∗ Intensity
t1 + 135s Increase in Cu Intensity OH∗ unchanged
t1 + 243s = t2 Decrease in Intensity for all elements

t2 + 1s = t3
Intensity Increases again for all elements up
to t1 regime

t3 + 74s = t4 Decrease In Intensity for all elements

Possible change in ROF
Instantaneous Frames where OH∗ and Cu
are both present
Overall Intensity very low

t4 + 18s = t5
Increase in Intensity for OH∗ and
Cu (2000 counts) like if there is still combustion

t5 + 6s = t6 All elements are low (OH∗ and Cu included)

t6 + 7s = t7
OH∗ and Cu are measured again for a short
period. Higher presence of OH∗.

t7 + 12s = t8
Unstable Combustion. High peaks with OH∗ and Cu
followed by sudden decreases in intensity.

t8 + 10s = t9 Unstable Combustion

t9 + 30s = t10
Stable combustion that decreases
in intensity over time similar to t1

t10 + 15s = t11 Unstable Combustion High emissions at 770 nm wavelength

t11 + 30s = t12
Sudden increase in intensity for all elements
Peaks in Cu wavelength

Possible change in ROF

t12 + 4.5s = t13 Unstable Combustion.
t13 + 90s = t14 Stable Combustion Peaks on the whole spectra, in particular Cu
t14 + 10s End of Combustion processes

4.2 Hotruns Lumen Project

The engine behaved as planned and the whole design was confirmed to be fail-proof.
The first two hotruns did not lead to the correct detection of enough plasma lines to
determine LTE conditions. The probe dedicated to the detection of the plasma, was
not in the same line of sight with the laser. The detected peaks presented in Figure 4.2
are the result of scattered light and, even if they testify that plasma was present, the
LTE condition could not be proven fully. Anyway, looking at the spectra obtained, it
is possible to see how some frames contained plasma values as Figure 4.2 shows as
it is presented on screen using SOLIS.

FIGURE 4.2: Lumen Project First Hotrun: Plasma Detection
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The peaks captured in the previous mentioned figure represent the plasma. Each
spike is a different element, and the counts indicate the intensity. For a deeper anal-
ysis, refer to section 5.3. The ideal spectra will have three or more spectral Balmer
series lines of the Hydrogen or of some other element (Carbon, Oxygen). If this re-
sult is seen, the next step would be of plotting them in the Boltzmann Plot verifying
the linearity and determining the temperature. In order to do so though, every sin-
gle frame of the test must be examined and for this reason, only the relevant ones
are presented in this thesis. The wavy signal on the bottom of the picture is given by
the Bound-Free and Free-Free transitions of the plasma and by the Echelle principle,
since lots of spectral orders have to be added together by the internal software. In
order to have satisfactory results this so called "baseline" must be erased and only
the peaks shall remain.

It is remarkable to state that the Delay Time and the Exposure Time could not be
modified during these hotruns for the particular setup of the engine during this test
campaign.
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Chapter 5

Discussion Of The Results

5.1 Discussion Of The First Hotrun Vulcain 2.1

This section will read into the spectroscopic analysis performed at DLR on the Vul-
cain 2.1 engine. All the intensity values are measured in Counts (Arbitrary Units).
The main events recorded will be presented with a short description. All the follow-
ing material has been given to Arianegroup for general evaluation of the combustion
test.

FIGURE 5.1: Vulcain 2.1, courtesy of [20]
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5.1.1 Test Analysis

FIGURE 5.2: Vulcain 2.1: Combustion Starts t0 + 8s

The start of the combustion is visible in Figure 5.2. It is the first frame where OH∗

at 330 nm and Copper are found. It is remarkable that Cu has the strongest intensity
of the entire frame at 543 nm. The high intensity of the visible light regime is caused
by the high pressure, as suggested by [47].

FIGURE 5.3: Vulcain 2.1: Stable Combustion t1

In Figure 5.3 it is possible to see how, at t1, the combustion plot seems to act
stably soon after the first ignition. The emissions in OH∗ are still present, together
with the emissions of the Copper. The counts measured are relatively high.

In Figure 5.4 is clear that something has changed inside the combustion chamber
since the intensity measured on the visible light has become really high, with peaks



5.1. Discussion Of The First Hotrun Vulcain 2.1 53

FIGURE 5.4: Vulcain 2.1: OH∗ almost disappeared t1 + 4s

at 11000. The emission of OH∗ and Cu is unchanged.

High emissions in the visible range have been measured up to t1 + 120s with similar
presence of OH∗ as in Figure 5.4. The variation in intensity of the visible range has
been deduced to be caused by pressure changes in the combustion chamber.

FIGURE 5.5: Vulcain 2.1: Low intensity t3

The flame measured in Figure 5.5, relative to the t3 frame, shows that the inten-
sity of the visible light range has decreased drastically, this is an hint that suggests
that the combustion is proceeding at a lower pressure or that a change in the ROF
is happening. The OH∗ is recorded and it clearly visible, unchanged in intensity if
compared with previous figures. The Cu is lower in intensity.
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This situation went on for quite a long time in the recordings. The OH∗ and the
Copper remained unchanged for the whole duration of t3 in terms of intensity until
t4 is reached as Figure 5.6 shows. It might suggest that some low combustion mode
was being tested.

FIGURE 5.6: Vulcain 2.1: Visible light’s peaks t4
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Suddenly, at t4 a strong increase in the visible light regime has been measured. It
did not last long but the intensity was higher, symbolizing an increase in the cham-
ber pressure. The most likely hypothesis is of a new ROF. It is remarkable to note
how the peak is concentrated betweed the UV and Visible light regime, while to-
wards the NIR the counts are really low and with a decreasing behavior.

FIGURE 5.7: Vulcain 2.1: Stable combustion for the interval t4 up to
t4 + 90s

The combustion remained stable for the interval t4 up to t4 + 90s maintaining,
with a certain accuracy, the same shape that could be found in Figure 5.7. As it is pos-
sible to see from the picture above, the OH∗ emission remained constant throughout
this whole period of time while the Copper spectral line is quite variable, but always
present at the same intensity level. The intensity of all the elements is low, this hints
thatthe pressure with which the flame is expelled is low. This could imply another
change in ROF.

In Figure 5.8 is presented a curious phenomena that has been recored t5 + 40s. As
the picture suggests, the count of OH∗ are really high, while the visible light regime
and NIR remains the same. This could have been the effect of a suddenly change in
ROF, resulting in a higher presence of Hydroxyl in the spectra. It is remarkable to
present some other events that have happened during the period of time interested
by this increase in intensity of the OH∗. As Figure 5.9 shows, the counts for OH∗ are
incredibly high in this figure, 1.5× 104.
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FIGURE 5.8: Vulcain 2.1: Increase in OH∗ at t5 + 40s

FIGURE 5.9: Vulcain 2.1: Highest peak of OH∗ recorded at t6
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Afterwards, the spectra looked very much like Figure 5.7 until t8, meaning that
the actual ROF has not been modified together with other settings, so the combustion
was stable.

FIGURE 5.10: Vulcain 2.1: Last peaks of OH∗ and lower UV and NIR
t8 + 76s

In Figure 5.10 is presented the frame recorded at t8 + 76s. It shows the final
stages of the combustion, where the visible regime is almost disappeared and the
only molecules recorded are the OH∗ and the Copper, plus some elements in the
NIR regime. Some peaks at really low intensity have been recorded in the low UV
at 141 nm and 156 nm too, together with a rise of the NIR measurements, probably
due to end of combustion processes or thermal noises.

After this frame, the recording went on until reaching t0 + 743s = tend . The main
features of the combustion though have already been analyzed and the remaining
frames show only the end of the combustion.
Following the spectroscopic analysis the data obtained were studied with MATLAB
in order to have a better idea of how the combustion process worked.
The concentration of the intensities of the major elements present in the hotrun was
requested to be plotted over time since it was a really useful data for the understand-
ing of the combustion efficiency.
The concentration of OH∗ over time is presented in Figure 5.11. As it is possible
to see, except for the starting and ending events, the intensity measured suggests
that two major phenomena happened during the hotrun which resulted in an in-
crease of the intensity of the OH∗. The first happened shortly before 100 s, the sec-
ond happened after 400 s. The interval considered for the OH∗ was from 300 nm up
to 340 nm.

The same plot, but referred to Cu, can be seen in Figure 5.12.
This plot suggests that the Copper presence was measured as soon as the spec-

trograph started recording. It is always present throughout the whole hotrun, but
the most intense range of time can be measured from 60 s to 200 s, with small peaks
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FIGURE 5.11: Vulcain 2.1: OH∗ intensity over time

FIGURE 5.12: Vulcain 2.1: Cu intensity over time

afterwards, probably due to change in ROF. The interval considered for the Cu was
from 670 nm up to 685 nm.

5.2 Discussion Of The Second Hotrun: Vulcain 2.1

The second hotrun test that took place at DLR Test Bench P5 concerning the Vulcain
2.1 engine required the same procedure and setup of the first hotrun. The test’s
principal events are listed in Table 4.3. Figures and a short description of what is
probably happening in the plume will be presented below in subsection 5.2
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Test Analysis

In Figure 5.13 the beginning of the combustion is shown. This happened at the time
considered t0. It is interesting the comparison between the above mentioned figure
and Figure 5.2.
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FIGURE 5.13: Second Hotrun of the Vulcain 2.1: Start of the combus-
tion

As it is possible to see, the visible light regime is lower than the one registered
during the first hotrun. The intensity is lower too, with strong peaks in the Cu wave-
length. It is remarkable to note how the main elements detected are the OH∗, the Cu
in its various ionization states.

After few moments, the combustion stabilizes and the plot captured by the spec-
trograph is quite similar to the one presented in Figure 5.14
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FIGURE 5.14: Second Hotrun of the Vulcain 2.1: Combustion Stability
at t1

It is remarkable to note how the intensity is way lower than the one presented
in Figure 5.3 relatively to the first test. The low intensity of the visible light regime
allows to identify quickly the elements playing a key role during this particular in-
terval of time of t1.

In Figure 5.15 is shown the transition between t1 and t3 of the combustion. The
particularity of this short transition of time t2 is of a overall decrease of the inten-
sity of all elements. The OH∗ has the lead here, implying a possible ROF change is
happening for the duration of 1 s.
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FIGURE 5.15: Second Hotrun of the Vulcain 2.1: Combustion Stability
Decrease in Intensity at t2

Following the brusque decrease of t2 the intensity of all elements started to rise
once again up to the values measured during t1 as Figure 5.16 suggests.



5.2. Discussion Of The Second Hotrun: Vulcain 2.1 61

0 200 400 600 800 1000

0

500

1000

1500

2000

In
te

ns
ity

Wavelength (nm)

t
2
 + 1 = t

3

FIGURE 5.16: Second Hotrun of the Vulcain 2.1: Combustion Stability
at t3

The performance measured in Figure 5.16 went on with a similar pattern for
some time, until the intensity dropped down once again for all the elements, imply-
ing another possible change in ROF as Figure 5.17 shows. It is important to denote
that the intensity for 670 nm is very low now. Further on, during the t4 interval of
18 s, the intensity for the whole spectra went almost to 0.
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FIGURE 5.17: Second Hotrun of the Vulcain 2.1: Sudden drop in In-
tensity at t4

352 s into the combustion process the pattern found during the 6 s at t5 shows a
spectra very variable. In order to explain the previous sentence it is better to visual-
ize the process. In Figure 5.18 It is possible to see how the combustion is going for
a couple of seconds. As it is possible to note, the pattern is not stable and it is quite
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variable in intensity and emissions. It is also worth mentioning that the Z axis, rep-
resenting time, is only of 1 s, showing how unstable this particular interval of time
is.
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FIGURE 5.18: Second Hotrun of the Vulcain 2.1: Particular Set of
Frames during t5

Upon reaching t6, all the elements intensities are quite low, except for some in-
stantaneous peaks at OH∗, as shown in Figure 5.19.
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FIGURE 5.19: Second Hotrun of the Vulcain 2.1: Low Intensity at t6

After 365 s of ignition, at t7, a rise in the intensities of OH∗, Cu and what is
thought to be Cu II/III is noted. t7’s intensity is exponential. During the first sec-
onds, intensity is very low and it increases second after second until t8 is reached
after 21 s. Once again, the intensity is not constant, symptom of an unstable stage
of combustion in this particular load point. The time considered in Figure 5.20 is
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of 1 s. In such small amount of time, the intensity of OH∗ and Cu varies a lot. It
is remarkable to state that even the most likely to be Cu II/III is present in small
quantities.
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FIGURE 5.20: Second Hotrun of the Vulcain 2.1: Pre-Combustion at
t7

The combustion that follows is the one presented in Figure 5.21. It represents a
long interval encountered at t8 which lasted for almost 10 s. It shows high peaks in
OH∗ and Cu together with an high presence for the element at 670 nm. The combus-
tion is not stable in this interval, since the intensity of the elements changes unex-
pectedly.
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FIGURE 5.21: Second Hotrun of the Vulcain 2.1: Unstable Combus-
tion at t8
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After 10 s, t9 checkpoint is reached and the a more stable combustion is achieved
for approximately 30 s. Figure 5.22 shows the values reached in this stage. As it is
possible to see, intensity of OH∗ reaches peaks of almost 3000 while the Cu is almost
at 2600. What is suspected to be Cu II/III is still low, but in the spectra it is easily
noticed at 670 nm.
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FIGURE 5.22: Second Hotrun of the Vulcain 2.1: Stable Combustion
at t9

After the combustion of t9 a sudden decrease of approximately 15 s happened
on the whole intensity spectra during t10 until reaching t11. The reason why this
happened could be a sudden change of ROF for the last stage of the combustion or
the start of the end of combustion processes. The combustion seems stable anyway,
but lower in intensity. Figure 5.23 shows the decrease during a time of 2 s. As it is
possible to see, the intensity is chaotic with sudden peaks.

Upon reaching t11, an increase in intensity for Cu, OH∗ and the other element is
registered for the whole 30 s until t12 checkpoint is reached. This could have been
another combusted test which was earlier announced by the combustion instabilities
or by the previous ROF change found during t10. Figure 5.24 shows the average
spectra recorded.

During the 4 s transition from t12 to t13 the combustion is unstable as Figure 5.25
shows for a smaller interval of 2 s. It is easy to see the sudden change in intensity
from one frame to the other.

The last time frame examined, t13, represents a constant combustion interval of
90 s that represented the last stable combustion happened in this test before the shut
down. The average intensity for OH∗ is of 2200, while the Cu is very high at 4000.
The element that is thought to be Fe II instead is around 1300 for the whole duration
of this time step. Figure 5.26 represents what previously said. t14 is the time interval
where the ignition is shut down due to the end of the test, and for this reason it is
renamed t f in.
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FIGURE 5.23: Second Hotrun of the Vulcain 2.1: Change in ROF or
End Of Combustion processes at t10
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FIGURE 5.24: Second Hotrun of the Vulcain 2.1: Stable combustion
during t11

5.3 Lumen Project: Discussion of the Hotruns

5.3.1 Assumptions

This section includes the theoretical and practical assumptions considered during
the hotruns relative to the Lumen Project engine. It has been given for granted that
the spectrograph was correctly calibrated before the tests by the dedicated techni-
cians. The tolerance of the instrument has been considered of 1 nm. When looking
for a element emission, if on the theoretical value nothing is marked but in a rea-
sonable closeness there is a spike, that has been assumed to be the desired element.
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FIGURE 5.25: Second Hotrun of the Vulcain 2.1: Unstable combustion
during t12
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FIGURE 5.26: Second Hotrun of the Vulcain 2.1: Last Stable Combus-
tion before Shut-Down during t13

As an example, Hβ on paper is at 486.165 nm but on the spectra there is a peak at
486.05 nm, that is considered Hβ. [50]

It has furthermore been assumed that the scattered plasma light detected by the
spectrograph related to the third and fourth hotrun did not suffer any intensity or
energy loss.

5.3.2 Hotrun 1 and 2 : 29/4/2019

The presence of the baseline given by the Bound-Free and Free-Free transitions is
problematic for the accuracy of the results. Filtering them with MATLAB gave the
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results presented in Figure 5.27, this is a better way of visualizing it since every
possible misunderstanding derived from the previously mentioned transitions has
been erased and only the Bound-Bound transitions are present (which are the only
ones worth mentioning when an LTE process is interested).
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FIGURE 5.27: LUMEN Project Hotruns: First detection of Plasma 1/1
the 29/4/2019

As it is possible to see, the peaks are only located on 474.086 nm, 514.036 nm,
777.458 nm and 840.750 nm. Using the NIST website and knowing the propellants, it
has been found that the first peak at 474.086 nm is OII , the second ionization stage
of Oxygen, while the second one at 514.036 nm is a mixture of OII and CII. The third
peak line at 777.458 nm is OI and the last one at 840.750 nm is the third ionization
stage of Carbon, CII I. Even trying, with this particular frame it will not be possible
to determine the LTE presence with Boltzmann Plot since there are not three separate
ionization stages of a single element.

5.3.3 Hotrun 3 and 4 : 13/5/2019

The scattered plasma-emission was recorded since the spot where the plasma was
generated was not in the line of sight of the optical probe. The probe was anyway
able to detect some scattered light, but the intensity values of it can not be entrusted
to directly calculate the plasma temperature and LTE. Once again, the ideal spectra
that must be found will have at least three peaks. The plot in Figure 5.28 represents
one of the two potential candidates with three peaks found during the third hotrun.

Using the NIST website encyclopedia on atomic emissions, it has been deter-
mined that the first peak at 525.398 nm has a very low chance of being CII or CII I,
since their general intensity and transition probability at that wavelength are ne-
glectable. It could be any other material composing the combustion chamber or the
injection plate. The next peak at 564.885 nm has a very high chance of being CII hav-
ing taken a look at the transition probability (Anm) and since the intensity average
recorded is almost equal. The last peak at 675.361 nm is mostly certainly CI for the
same reasons stated for the previous peak. In conclusion, even in this case, it is not
possible to determine the existence of an LTE.
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FIGURE 5.28: LUMEN Project Hotruns: Detection of Plasma - Third
Hotrun 1/2 the 13/5/2019)

The plot presented in Figure 5.29 represents the plasma spectra of a particular frame
happened after the one in Figure 5.28. It is the last one interesting for the LTE mea-
surements during the third hotrun. The three intensity lines which are interesting
are located at 396.213 nm, 548.345 nm and 555.313 nm. According to the Analysis
performed with the NIST website, the user experience and the spectra observed, the
first peak at 396.213 nm is most likely a mixture of CuI and OII while the peak at
548.345 nm is CuII and the last one on the right at 555.313 nm is representative of the
first ionization stage of Carbon, CI.

200 400 600 800 1000

0

200

400

600

800

1000

1200

In
te

ns
ity

 (A
.U

.)

Wavelength

396.213

548.345

555.313

(nm)

FIGURE 5.29: LUMEN Project Hotruns: Detection of Plasma - Third
Hotrun 2/2 on the 13/5/2019

A lot of elements have been detected and many frames were full of plasma lines.
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For this reason, and for the sake of clarity and to keep this thesis as short and clear as
possible, only the frames where three different ionization stages of the same element
have been found are presented below.

One of the best spectra that has been found is presented in Figure 5.30. It is
remarkable because, even if at a first glance it could seem chaotic, it is the only frame
where it has been estimated the existence of all the first three lines of Hydrogen of
the Balmer Series. Using MATLAB, it was possible to zoom in a particular section
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FIGURE 5.30: LUMEN Project Hotruns: Detection of Three Lines for
Hydrogen - Fourth Hotrun 1/1 on the 13/5/2019

of the spectra in order to study it in more detail. Doing so, the Figures 5.31, 5.32
and 5.33 show, in correlation with Table 2.1, the existence of the above mentioned
ionized states.

Since this particular frame is a good candidate for the Boltzmann Plot and LTE
determination, some extra calculations are necessary.

First of all it is mandatory to perform a peak analysis. As it is possible to see from
Figures 5.31, 5.32 and 5.33 the peaks may be the result of the sum of lower wave-
lengths peaks. Once this has been done, the measured wavelength must be filtered
accordingly with the quantum efficiency curve cited in section 2.2.7. Furthermore,
now that the intensities have been smoothed and filtered, the ratio between Hα/Hβ,
Hβ/Hγ must be compared with the ratio of the same elements with the intensity val-
ues taken from NIST website. If these values are close, there is a really high chance
of having encountered Hydrogen lines.
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FIGURE 5.31: LUMEN Project Hotruns: Hα - Fourth Hotrun 1/1 on
the 13/5/2019
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FIGURE 5.32: LUMEN Project Hotruns: Hβ - Fourth Hotrun 1/1 on
the 13/5/2019

With the filtered intensity values, the Boltzmann Plot can be drawn and the lin-
earity can be proven. In Figure 5.34 is shown the real value of the intensity for the
Hα taking into account the quantum efficiency curve presented in Figure 2.5, consid-
ering that the one used is the W-AGT 03, which is approximately 10%.

In Figure 5.35 instead, first an approximation of the real value of the intensity of
Hβ is presented. Considering a quantum efficiency of 15% for the wavelength range
between 485.5 nm and 487 nm the new intensity is bigger than the one measured
before. However, Hβ is the last peak of three, this could mean that its intensity is the
sum of other intensities. In order to be more precise, a peak analysis is performed
with the aid of ORIGIN 8.1 and the result is shown in Figure 5.36. In order to present
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FIGURE 5.33: LUMEN Project Hotruns: Hγ - Fourth Hotrun 1/1 on
the 13/5/2019

FIGURE 5.34: LUMEN Project Hotruns: Hα with Quantum Efficiency
- Fourth Hotrun 1/1 on the 13/5/2019

the most precise result, a wide number of sub-curves have been created. It is possible
to denote the small curve that is representative of Hβ in black at 486.165 nm. The new
intensity of this curve is the actual one and it is equal to 1077.77.

In Figure 5.37 is presented the Hγ frame with the quantum efficiency increase of
the 15%.

Hγ may suffer the same increase of intensity as Hβ. For this reason, a less com-
plex analysis of the peaks is done, given the presence of only a smaller peak. Figure
5.38 shows the result of the above cited peak analysis and the new intensity value
for Hγ is 652

A first comparison of the ratio between the measured intensities between the
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FIGURE 5.35: LUMEN Project Hotruns: Hβ with Quantum Efficiency
- Fourth Hotrun 1/1 on the 13/5/2019
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FIGURE 5.36: LUMEN Project Hotruns: Hβ with Quantum Efficiency
and Peak Analysis - Fourth Hotrun 1/1 on the 13/5/2019

three ionization stages of hydrogen and the NIST website data Boltzmann Plot can
be done. If the ratios match, the LTE quality will be high and the LTE measured via
Boltzmann Plot will be accurate. Eq. 5.1, 5.2, 5.3 and eq. 5.4 show the result of the
two ratio for Hα, Hβ and Hγ.

Hα(NIST)
Hβ(NIST)

=
500000
180000

= 2.77777 (5.1)

Hα(meas)
Hβ(meas)

=
1489.567
1077.77

= 1.38208 (5.2)
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FIGURE 5.37: LUMEN Project Hotruns: Hγ with Quantum Efficiency
- Fourth Hotrun 1/1 on the 13/5/2019
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FIGURE 5.38: LUMEN Project Hotruns: Hγ with Quantum Efficiency
and Peak Analysis - Fourth Hotrun 1/1 on the 13/5/2019

Hβ(NIST)
Hγ(NIST)

=
180000
90000

= 2 (5.3)

Hβ(meas)
Hγ(meas)

=
827.677

652
= 1.26840 (5.4)

As it is possible to see, the ratios are not similar for the Hα/Hβ but are closer for
Hβ/Hγ. This is an indication of the quality of the LTE. Most likely, the Boltzmann
plot linearity and the temperature calculated with it will have a certain inaccuracy.
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The best way to proceed now will be with the Boltzmann Plot in order to visualize
the slope.

The Equation used is the one presented in Eq. 2.7. On the Y axis the left part of
the equation is plotted (ln (Inmλnm)

(Anmgn
)) in Arbitrary Units (A.U.), while on the X axis will

be the upper energy En measured in eV. Figure 5.39 shows the results of the Boltz-
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FIGURE 5.39: LUMEN Project Hotruns: Hydrogen Boltzmann Plot
Linearity and Temperature of the Plasma - Fourth Hotrun 1/1 on the

13/5/2019

mann Plot for the Hydrogen ionization stages taken int account. As it is possible to
note, the slope inclination is the opposite of the one presented in Figure 2.10. This
is a strange effect that needs to be investigated. One reason might be that the last
assumption regarding intensity and energy losses made in Section 5.3.1 might not be
valid. The temperature calculated via Eq. 2.18 gave a result of 18 479 K. The points
relative to the various ionization stages are really close to the line, meaning that the
temperature value can be considered almost exact.

LTE quality is now determined by the closeness of the points, since they are close
enough, the LTE is precise. It might be that the other elements present in the com-
bustion chamber (O and C) may give better results. For the sake of clarity and for
keeping this chapter as simple as possible, only the final considerations and final
results are presented.

Starting with Carbon, an analysis has been conducted following the same path
that has been taken for Hydrogen. This means that first the user has checked for
the presence of peaks on the wavelengths presented Figures 2.8. Once this has been
done, the wavelength and intensities have been isolated and plotted taking into ac-
count the quantum efficiency curve and the possible presence of sub-curves. Fur-
thermore, from these plots, the peaks have been extracted and via Eq 2.7, the points
of the Boltzmann Plot have been computed and fitted with a line. The Figures above
mentioned are presented in the Appendix while the Boltzmann Plot related to Car-
bon is shown in Figure 5.40. As it is possible to see, the inclination of the slope is
following the theoretical one presented in Figure 2.11. The temperature measured
with Eq 2.18 gave a final result of 165 780 K which is a reasonable result for a Carbon
plasma, as stated in [16], even if Carbon itself, as measured during this frame, is far
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from thermodynamic equilibrium as the distance from the points and the line sug-
gests. It is remarkable to note how C II I is not present, this is because the intensity
for the given wavelengths of the third ionization stage of Carbon was too poor to be
detected.
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FIGURE 5.40: LUMEN Project Hotruns: Carbon Boltzmann Plot Lin-
earity and Temperature of the Plasma - Fourth Hotrun 1/1 on the

13/5/2019

Oxygen fit with the Boltzmann Plot followed the same procedure of the elements
described before. It is remarkable to note that the linearity has been confirmed us-
ing O II, O IV and O V. The reason why the other ionization stages have been
skipped is because the intensity relative to the given wavelengths of these ionization
stages were not powerful enough to be considered. The resulting Boltzmann Plot is
presented in Figure 5.41. All the plots concerning the single peaks of the various
ionization stages recorded are presented in the Appendix A.2.2. The temperature
calculated with Eq. 2.18 gave a resulting plasma temperature of 464 180 K.

As it is possible to notice, Oxygen plasma seems to be really close to LTE condi-
tions, for this reason the reliability of this temperature is quite high.
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Chapter 6

Conclusions

6.1 Vulcain 2.1: Conclusions

This section includes the conclusions relative to the Vulcain 2.1 hotruns that have
been analyzed and described in this thesis.

The experimental procedure, the basics for understanding the working principle
of the engine and the tools used to capture the plume chemical composition have
been described.

From a scientific point of view, the results deriving from the analysis of the data
are complete. The chemical composition, the variation of the OH∗ during the tests
and the Blue Radiation have been analyzed, listed and completely understood. The
research conducted on the plume has been precise, simple and sequential, always
moving from a timestep to the next one methodologically.

The analysis of the plume used a mixture of logical thinking, software aid and
literature in order to deliver the most precise results and plots.

It is remarkable to denote how the plots relative to the flame emissions are differ-
ent in the two hotruns. The OH∗ intensity is varying due to the changes performed
in the ROF, allowing an high flexibility to the engine in terms of chances of chang-
ing parameters during the hotruns. The Cu level, which is cooling film material, is
recorded as predicted by ArianeGroup.

The tests have been recorded and listed accordingly to what expected by engi-
neers and technicians and the work executed has been useful for the analysis of the
performances of the engine.

6.2 Lumen Project: Conclusions

This section includes all the conclusions relative to the Lumen Project part of this
thesis. The tools used, the methodology and the setup of the experiments have been
widely explained and analyzed. The assumptions taken have been clearly stated in
Section 5.3.1 and the results relative to the analysis of the data obtained have been
listed and described in Section 5.3.

As it could be clear by now to the reader, the plasma analysis has been conducted
with the aid of various software and the aid of many papers and books, all listed in
the Bibliography.

The experiments were conducted correctly but some technical issues did not al-
low the perfect detection of LIBS. The second two hotruns had a problem with the
alignment of the probe dedicated to the plasma detection that led to the recording
of plasma generated scattered light. With the data obtained it was possible anyway
to perform the first technical analysis of LIBS and Boltzmann Plot for the determina-
tion of the temperature of the plasma and an estimation of the LTE condition. The



78 Chapter 6. Conclusions

results obtained are satisfactory for the Oxygen and the Carbon plasma but further
research is needed for the Hydrogen plot as presented in Figure 5.39. It could be
with a positive slope for many reasons, one of those could be the time at which the
hydrogen emissions lines hit the glass fiber, which could have occurred later than
the other elements and for this reason the intensity could have been compromised.
Another possible reason for this result could be that the assumption of considering
a peak close to the exact wavelength of an ionization stage of hydrogen, as stated in
the Balmer Series [28], to effectively be hydrogen was not correct. Since the results
are satisfactory for the Carbon and Oxygen plasma, it could also be that Hydrogen
plasma was not detected in the combustion chamber. The temperature obtained for
Oxygen based plasma is of 464 180 K, while the one for the Carbon is of 161 170 K
and for what is assumed to be Hydrogen is of 18 749 K. The LTE condition, which
is obtained when the data points fit perfectly with the linear fitting, has been al-
most achieved for Oxygen and Hydrogen, while for Carbon they are quite far from
it. In perfect LTE conditions all the plasma must be at the same temperature but,
considering that the data obtained are relative to scattered light, the reliability of
the temperature results presented in this thesis are not accurate. Due to the actual
setup for the Lumen Project, it was not possible to change the delay time in these
hotruns. For the upcoming test campaigns it is planned to increase the quality of
the LTE measured. This will be achieved testing multiple delay times series in the
future hotruns in order to achieve the best result for the LTE measurements. This
is the reason why in the hotruns discussed in this thesis the LTE condition has not
been fully satisfied. In Figure 6.1 a graphic explanation of what has just been stated
is presented. As it is possible to note, the LTE condition could be optimal in another
interval of the descending curve representing the life span of the plasma generated
by the impulse of the laser and, for this reason, further research is needed.

FIGURE 6.1: Laser Pulse

The experience gained in this present test campaign will be used to obtain further
results that will help in determining an even more precise LTE condition.
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Appendix A

Appendix

A.1 Matlab Codes

A.1.1 Absolute Values over time of various molecules during the Vulcain
2.1 Hotruns

1 % Author : Carlo G i r a r d e l l o
2

3 % Descr ipt ion : This f i l e f i r s t e x t r a p o l a t e the data from an
. asc

4 % f i l e , then i t puts them in a matrix . Afterwards , i t i s
opened in thw

5 % workspace and p l o t t e d f o r a s i n g l e row over 8000 frames .
6

7

8

9 c l c
10 c l e a r a l l
11 c l o s e a l l
12

13

14 frequency= 1 0 ;% Hz
15 time_frame= 0 . 1 ; %s
16

17

18

19 data = fopen ( ’ second . asc ’ , ’ r ’ ) ; % Open the s e l e c t e d f i l e in
Matlab

20 second = t e x t r e a d ( ’ second . asc ’ ) ; % Rename i t
21 f c l o s e ( data ) ;
22 frames=length ( second ( 2 , 1 : end ) ) ;
23

24 wantedwavelength = 5 4 3 ;
25 wavelength l i s t = second ( : , 1 ) ;
26 [ value index ] = min ( abs ( wavelengthl i s t−wantedwavelength ) ) ;
27

28

29 % OH∗ Maximum Values
30 Rows_OH = second ( 1 8 9 : 2 8 7 , : ) ; % Rows with OH wavelength ( from

300 nm to 340 nm)
31 Max_value_OH = max(Rows_OH ( : , : ) ) ;
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32 time = ( 1 : 1 : 5 7 9 4 ) /frequency ;
33 %length ( Max_value_OH )
34

35 % Copper Maximum Values
36 Rows_Copper = second ( 5 4 7 : 5 9 7 , : ) ;
37 Max_value_Copper = max( Rows_Copper ( : , : ) ) ;
38

39

40 % Fe I I Maximum Values
41 Rows_Fe = second ( 7 3 1 : 7 5 0 , : ) ;
42 Max_value_Fe = max( Rows_Fe ( : , : ) ) ;
43

44 f i g u r e
45 hold on
46 p l o t ( time , second ( 2 6 0 , : ) , ’ r ’ )
47 p l o t ( time , Max_value_OH ( : , : ) , ’ b ’ )
48 p l o t ( time , second ( 5 6 7 , : ) , ’ g ’ )
49 p l o t ( time , Max_value_Copper ( : , : ) , ’ k ’ )
50 p l o t ( time , second ( 7 3 1 , : ) )
51 p l o t ( time , Max_value_Fe ( : , : ) , ’ y ’ )
52

53

54 %s i n g l e ( index , 2 : 8 0 0 0 ) ) ;
55 t i t l e ( ’ P l o t of the I n t e n s i t y of the Major Elements over the

e n t i r e Hotrun ’ )
56 x l a b e l ( ’ Time ’ )
57 y l a b e l ( ’ I n t e n s i t y ’ )
58 legend ( ’OH∗ a t \lambda=330nm ’ , ’OH∗ Maximum values f o r the

range 300nm<\lambda<340nm ’ , ’ Copper a t \lambda=543 nm ’ , ’
Copper Maximum values f o r the range 523nm<\lambda<563nm ’ ,
’unknown element a t \lambda= 670 ’ , ’Unknown Element Maximum
Values f o r the range 660nm<\lambda<680nm ’ )

59

60 hold o f f
61

62 % I n t e g e r s
63

64 % Now we t r y to c a l c u l a t e the i n t e g e r of the funct ion on a
d e f i n i t e range ,

65 % as an example , we want to c a l c u l a t e the OH∗ value of the
i n t e g r a l on a

66 % f i x e d i n t e r v a l throughout a l l the a q u i s i t i o n period .
67

68 % OH∗ Value of the i o n t e g r a l
69

70

71 dt = 1/ frequency ;
72 t i m e l i s t = dt : 0 . 1 : 5 7 9 . 3 ; %seconds
73 t i m e l i s t = t i m e l i s t ( 2 : end ) ;
74

75 i n t e n s i t y _ l i s t _ O H = [ ] ;
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76

77 % OH∗
78

79 f o r t imestep = t i m e l i s t
80 %timestep = 1 : 8 0 0 2 ; %seconds
81 t ime_index = round ( t imestep ∗ frequency ) ; %index of time=

timestep
82

83 %frequency range at which you i n t e g r a t e ( wavelength )
84 minwavelength = 3 0 0 ;
85 maxwavelength = 3 4 0 ;
86

87

88

89 wavelengths = second ( : , 1 ) ;
90 [ val begin_index ] = min ( abs ( wavelengths−minwavelength ) ) ;
91 [ val end_index ] = min ( abs ( wavelengths−maxwavelength ) ) ;
92

93 intensity_sum_OH = 0 ;
94

95 f o r index = begin_index : end_index
96

97 intensity_val_OH = second ( index , time_index ) ;
98 intensity_sum_OH = intensity_sum_OH+intensity_val_OH

∗ ( second ( index +1 ,1)−second ( index , 1 ) ) ;
99

100 end
101

102

103 in tegrated_intens i ty_OH = intensity_sum_OH ;
104 i n t e n s i t y _ l i s t _ O H = [ i n t e n s i t y _ l i s t _ O H

integrated_intens i ty_OH ] ;
105 end
106

107 f i g u r e
108 t i t l e ( ’OH∗ Rela t ionsh ip Between I n t e r g e r and Absolute Value

Over Time ’ )
109 yyaxis l e f t
110 p l o t ( t i m e l i s t , i n t e n s i t y _ l i s t _ O H )
111 y l a b e l ( ’OH∗ I n t e g r a t e d i n t e n s i t y ’ )
112 yyaxis r i g h t
113 p l o t ( time , Max_value_OH ( : , : ) )
114 y l a b e l ( ’OH Absolute Value i n t e n s i t y ’ )
115 x l a b e l ( ’ Time ’ )
116

117

118 % Copper
119 i n t e n s i t y _ l i s t _ C u = [ ] ;
120 f o r t imestep = t i m e l i s t
121 %timestep = 1 : 8 0 0 2 ; %seconds
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122 t ime_index = round ( t imestep ∗ frequency ) ; %index of time=
timestep

123

124 %frequency range at which you i n t e g r a t e ( wavelength )
125 minwavelength = 5 2 7 ;
126 maxwavelength = 5 5 7 ;
127

128

129

130 wavelengths = second ( : , 1 ) ;
131 [ val begin_index ] = min ( abs ( wavelengths−minwavelength ) ) ;
132 [ val end_index ] = min ( abs ( wavelengths−maxwavelength ) ) ;
133

134 intensity_sum_Cu = 0 ;
135

136 f o r index = begin_index : end_index
137

138 in tens i ty_va l_Cu = second ( index , time_index ) ;
139 intensity_sum_Cu = intensity_sum_Cu+intens i ty_va l_Cu

∗ ( second ( index +1 ,1)−second ( index , 1 ) ) ;
140

141 end
142

143

144 i n t e g r a t e d _ i n t e n s i t y _ C u = intensity_sum_Cu ;
145 i n t e n s i t y _ l i s t _ C u = [ i n t e n s i t y _ l i s t _ C u

i n t e g r a t e d _ i n t e n s i t y _ C u ] ;
146 end
147

148 f i g u r e
149 t i t l e ( ’Cu Rela t ionsh ip Between I n t e g e r and Absolute Value

Over Time ’ )
150 yyaxis l e f t
151 p l o t ( t i m e l i s t , i n t e n s i t y _ l i s t _ C u )
152 y l a b e l ( ’Cu I n t e g r a t e d i n t e n s i t y ’ )
153 yyaxis r i g h t
154 p l o t ( time , Max_value_Copper ( : , : ) )
155 y l a b e l ( ’Cu Absolute Value i n t e n s i t y ’ )
156 x l a b e l ( ’ Time ’ )
157

158

159

160 % Unknown Element
161 i n t e n s i t y _ l i s t _ F e = [ ] ;
162 f o r t imestep = t i m e l i s t
163 %timestep = 1 : 8 0 0 2 ; %seconds
164 t ime_index = round ( t imestep ∗ frequency ) ; %index of time=

timestep
165

166 %frequency range at which you i n t e g r a t e ( wavelength )
167 minwavelength = 6 6 0 ;
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168 maxwavelength = 6 8 0 ;
169

170

171

172 wavelengths = second ( : , 1 ) ;
173 [ val begin_index ] = min ( abs ( wavelengths−minwavelength ) ) ;
174 [ val end_index ] = min ( abs ( wavelengths−maxwavelength ) ) ;
175

176 intensity_sum_Fe = 0 ;
177

178 f o r index = begin_index : end_index
179

180 i n t e n s i t y _ v a l _ F e = second ( index , time_index ) ;
181 intensity_sum_Fe = intensi ty_sum_Fe+ i n t e n s i t y _ v a l _ F e

∗ ( second ( index +1 ,1)−second ( index , 1 ) ) ;
182

183 end
184

185

186 i n t e g r a t e d _ i n t e n s i t y _ F e = intensi ty_sum_Fe ;
187 i n t e n s i t y _ l i s t _ F e = [ i n t e n s i t y _ l i s t _ F e

i n t e g r a t e d _ i n t e n s i t y _ F e ] ;
188 end
189

190 f i g u r e
191 t i t l e ( ’Unknown Element Re la t ionsh ip Between I n t e g e r and

Absolute Value Over Time ’ )
192 yyaxis l e f t
193 p l o t ( t i m e l i s t , i n t e n s i t y _ l i s t _ F e )
194 y l a b e l ( ’Unknown Element I n t e g r a t e d i n t e n s i t y ’ )
195 yyaxis r i g h t
196 p l o t ( time , Max_value_Fe ( : , : ) )
197 y l a b e l ( ’Unknown Element Absolute Value i n t e n s i t y ’ )
198 x l a b e l ( ’ Time ’ )
199 t ime_or ig in = time ’ ;
200 i n t e n s i t y _ F e _ o r i g i n = i n t e n s i t y _ l i s t _ F e ’ ;

A.1.2 Function to Smooth Baseline for Plasma Emissions

1 c l e a r a l l
2 c l o s e a l l
3 c l c
4

5

6 % Scope : To average the b a s e l i n e of a LIPS in order to have
a smooth l i n e

7 % as a background
8 % Author : Carlo G i r a r d e l l o
9 % Date : 16/5/2019

10

11 % Step 1 : Import Data
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12 s ingle_frame = uiimport ( ’ sep0044 . asc ’ ) ;
13

14 %Step 2 : Average the Spectra below a c e r t a i n i n t e n s i t y ( 2 0 0 )
15

16 xx = single_frame . sep0044 ( : , 2 ) ; % I n t e n s i t y Column
17 yy = smooth ( xx , 4 0 ) ; % Smoothing the i n t e n s i t y column
18 zz = xx−yy ; % Orig ina l P l o t − Smooth
19

20 % Set every Element in the zz frame to be 0 below a c e r t a i n
i n t e n s i t y

21 i n d e x l i s t = zz <200;
22 zz ( i n d e x l i s t ) = 0 ; % Only the peaks
23

24 r e s u l t = zz+yy ; % The smoothened + the peaks
25

26 f i g u r e
27 subplot ( 4 , 1 , 1 )
28 p l o t ( s ingle_frame . sep0044 ( : , 1 ) , xx )
29 t i t l e ( ’ Or ig ina l ’ )
30 ylim ([ −200 ,1700] )
31 subplot ( 4 , 1 , 2 )
32 p l o t ( s ingle_frame . sep0044 ( : , 1 ) , yy )
33 t i t l e ( ’ Smoothened ’ )
34 ylim ([ −200 ,1700] )
35 subplot ( 4 , 1 , 3 )
36 p l o t ( s ingle_frame . sep0044 ( : , 1 ) , zz )
37 t i t l e ( ’ J u s t the Peaks ’ )
38 ylim ([ −200 ,1700] )
39 subplot ( 4 , 1 , 4 )
40 p l o t ( s ingle_frame . sep0044 ( : , 1 ) , r e s u l t )
41 t i t l e ( ’ Smoothened + Peaks ’ )
42 ylim ([ −200 ,1700] )
43

44 % Step 3 : The noise derived from the chip has been removed .
Now i t i s time

45 % to remove the wave form of the E c h e l l e spectrograph . The
procedure w i l l

46 % be the same of the previous one but with a severe
smoothening .

47 % WARNING: I t i s r e l a t i v e to the the already smoothened
funct ion , not the

48 % o r i g i n a l .
49

50

51 yy2 = smooth ( yy , 2 0 0 0 0 ) ; % Very strong smoothening
52 zz2 = xx−yy2 ; % S ubt rac t to the o r i g i n a l p l o t the smoothened

one , in order to obta in the peaks
53

54

55 i n d e x l i s t 2 = zz2 <200;
56 zz2 ( i n d e x l i s t 2 ) = 0 ;
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57 r e s u l t 2 = yy2+zz2 ;
58

59 f i g u r e
60 p l o t ( s ingle_frame . sep0044 ( : , 1 ) , r e s u l t 2 )
61 t i t l e ( ’ Smoothened + Peaks ’ )
62 ylim ( [ 0 , 1 7 0 0 ] )
63

64

65 % Step 4 : Exponent ia l ly f i t the values of the already
smoothened funct ion

66 % in order to have a 0 i n t e r f e r e n c e by the chip or the
mechelle

67 % spectrograph .
68 % In t h i s way we w i l l obta in only the peaks with no r i s k f o r

the q u a l i t y of
69 % the r e s u l t s .
70 i n d e x l i s t 3 =zz2 <1;
71 zz3 ( i n d e x l i s t 3 ) =0;
72 zz3=zz3 ’ ;
73

74

75 r e s u l t 3 =yy2+zz3 ;
76

77

78 f i g u r e
79 p l o t ( s ingle_frame . sep0044 ( : , 1 ) , r e s u l t 3 )
80 t i t l e ( ’ Smoothened + Peaks ’ )
81 ylim ([ −10 ,1700] )

A.1.3 Reduce Wavelength only to an Interesting Range

1 % Author : Carlo G i r a r d e l l o 24/5/19
2

3

4 % Goal : To f i l t e r c h a o t i c s p e c t r a only on the i n t e r e s t e d
wavelength .

5 % Example : A s p e c t r a i s f u l l of plasma l i n e s and I am
i n t e r e s t e d only in

6 % Hydrogen l i n e s .
7

8

9

10 c l e a r a l l
11 c l o s e a l l
12 c l c
13

14

15

16 % Step 1 . Import the Spectra
17

18 s ingle_frame = uiimport ( ’ sep0108 . asc ’ ) ;
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19

20 % Step 2 . Smooth the curve
21

22 xx = single_frame . sep0108 ( : , 2 ) ; % I n t e n s i t y Column
23 yy = smooth ( xx , 1 0 ) ; % Smoothing the i n t e n s i t y column
24 zz = xx−yy ; % Orig ina l P l o t − Smooth
25

26 % Set every Element in the zz frame to be 0 below a c e r t a i n
i n t e n s i t y

27 i n d e x l i s t = zz <200;
28 zz ( i n d e x l i s t ) = 0 ; % Only the peaks
29

30 r e s u l t = zz+yy ;
31

32

33 % Step 3 : Repeat to cut o f f the Spectrograph noise
34 yy2 = smooth ( yy , 2 0 0 0 0 ) ; % Very strong smoothening
35 zz2 = xx−yy2 ; % S ubt rac t to the o r i g i n a l p l o t the smoothened

one , in order to obta in the peaks
36

37

38 i n d e x l i s t 2 = zz2 <200;
39 zz2 ( i n d e x l i s t 2 ) = 0 ;
40 r e s u l t 2 = yy2+zz2 ;
41

42

43 % F i n a l Resul t : Spectra Only with Peaks
44

45 f i g u r e
46 p l o t ( s ingle_frame . sep0108 ( : , 1 ) , r e s u l t 2 )
47 t i t l e ( ’ Smoothened + Peaks ’ )
48 ylim ( [ 0 , 5 5 0 0 ] )
49

50

51 % Step 4 : F i l t e r the peaks
52

53 % Bigger F i r s t
54 pos =( s ingle_frame . sep0108 ( : , 1 ) <657) . ∗ ( s ingle_frame . sep0108

( : , 1 ) >656) ;
55 reduced_wv = single_frame . sep0108 ( : , 1 ) .∗ pos ;
56 in ten = r e s u l t 2 .∗ pos ;
57 reduced_wv ( reduced_wv==0) = [ ] ;
58 in ten ( in ten ==0) = [ ] ;
59 f i g u r e
60 p l o t ( reduced_wv , in ten )
61 t i t l e ( ’ Reduced Wavelength ’ )
62 %ylim ( [ 0 , 5 5 0 0 ] )
63

64

65
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66 % Step 5 : Introduce Quantum E f f i c i e n c y Curve and smooth the
i n t e n s i t y f o r a

67 % c e r t a i n percentage , depending on the wavelength s e l e c t e d
68 quantum_int = in ten + inten ∗9/100;
69 f i g u r e
70 p l o t ( reduced_wv , quantum_int )
71 t i t l e ( ’ Real Wavelength ’ )

A.1.4 Boltzmann Plot

1 % Author : Carlo G i r a r d e l l o
2 %
3 % Goal : To c a l c u l a t e the Boltzmann P l o t l i n e a r i t y
4 % The user must compile the fol lowing code with the

i o n i z a t i o n s t a t e s
5 % paramters and run i t in order to obta in a Figure with the

points of the
6 % Boltzmann P l o t .
7 % Once t h i s has been obtained , a Linear F i t must be performed

and the slope
8 % i n c l i n a t i o n must be i n s e r t e d in the l a s t equation f o r

c a l c u l a t i n g the
9 % plasma temperature

10

11 % Date : 20/6/19
12

13

14

15 c l c
16 c l e a r a l l
17 c l o s e a l l
18

19

20 % I o n i z a t i o n S t a t e 1 or alpha
21 I_alpha = 160000 ;
22 lambda_alpha = 0.00000050521 ; % [m]
23 Ag_alpha =1.3 e−1 ;
24 E_alpha = 1 0 . 1 3 ;
25 yaxis_alpha = log ( ( I_alpha ∗ lambda_alpha ) /( Ag_alpha ) ) ;
26

27

28

29 % I o n i z a t i o n S t a t e 2 or beta
30 I _ b e t a = 8 0 0 ;
31 lambda_beta = 0 . 0 0 0 0 0 0 4 2 6 7 ; %[m]
32 Ag_beta = 1 . 3 4 e +1;
33 E_beta = 2 0 . 9 5 0 ;
34 yax is_be ta = log ( ( I _ b e t a ∗ lambda_beta ) /( Ag_beta ) ) ;
35

36 % I o n i z a t i o n S t a t e 3 or gamma
37 I_gamma =200;
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38 lambda_gamma = 0 .000000581198 ;
39 Ag_gamma =6.32 e−1;
40 E_gamma = 3 9 . 6 8 1 ;
41 yaxis_gamma = log ( ( I_gamma∗lambda_gamma ) /(Ag_gamma) ) ;
42

43 % The procedure can be repeted f o r every i o n i z a t i o n s t a t e
des ired . The more

44 % are present , the more the Boltzmann P l o t w i l l be accura te .
45

46

47

48 % Group values i n t o v e c t o r s f o r Origin 8 . 1 fu ture export
49 y = { yaxis_alpha , yaxis_beta , yaxis_gamma } ;
50 e = { E_alpha , E_beta , E_gamma } ;
51 e1 = transpose ( e ) ;
52 y1=transpose ( y ) ;
53

54 E=ce l l2mat ( e1 ) ;
55 Y=ce l l2mat ( y1 ) ;
56

57 % Boltzmann P l o t
58 f i g u r e
59 hold on
60 p l o t ( E , Y , ’ x ’ )
61

62

63 % Temperature Determination
64 m = 0 . 2 3 2 ;
65 k = 8.617333262145∗10^(−5) ;
66 T = 1/(m∗k ) ;

A.2 Extra Figures

A.2.1 Carbon Ionization Stages Figures

This Section of the Appendix contains all the Figures relative to the carbon emission
lines recorded during the fourth hotrun of the Lumen Project on the 13th of May
2019. These emission lines were necessary to calculate the Boltzmann Plot and to
verify the quality of the LTE. The identification values are presented in Figure 5.40.
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FIGURE A.1: LUMEN Project Hotruns: Carbon I with Quantum Effi-
ciency - Fourth Hotrun 1/1 on the 13/5/2019
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FIGURE A.2: LUMEN Project Hotruns: Carbon II with Quantum Ef-
ficiency - Fourth Hotrun 1/1 on the 13/5/2019
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FIGURE A.3: LUMEN Project Hotruns: Carbon III with Quantum Ef-
ficiency - Fourth Hotrun 1/1 on the 13/5/2019
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FIGURE A.4: LUMEN Project Hotruns: Carbon IV with Quantum Ef-
ficiency - Fourth Hotrun 1/1 on the 13/5/2019
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A.2.2 Oxygen Ionization Stages Figures

This Section of the Appendix contains all the Figures relative to the oxygen emission
lines recorded during the fourth hotrun of the Lumen Project on the 13th of May
2019. These emission lines were necessary to calculate the Boltzmann Plot and to
verify the quality of the LTE. The identification values are presented in Figure 5.41.
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FIGURE A.5: LUMEN Project Hotruns: Oxygen II with Quantum Ef-
ficiency - Fourth Hotrun 1/1 on the 13/5/2019
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FIGURE A.6: LUMEN Project Hotruns: Oxygen IV with Quantum
Efficiency - Fourth Hotrun 1/1 on the 13/5/2019



92 Appendix A. Appendix

559.4 559.6 559.8 560.0 560.2 560.4
0

500

1000

1500

2000

2500

In
te

ns
ity

 (A
.U

.)

Wavelength (nm)

 Intensity Measured
 Quantum Efficiency Intensity (9%)

O V
744.2

FIGURE A.7: LUMEN Project Hotruns: Oxygen V with Quantum Ef-
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