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Abstract

A state-of-art experimental system, SMAUG has been developed to produce
unprecedented infrared spectroscopic reference data that will help planetologists to detect
new molecules and reconstruct the vertical structure of the atmosphere of exoplanets.

A specially designed small dimension Laval nozzle connected to a compact high enthalpy
source equipped with cavity ringdown spectroscopy (CRDS) is used to produce high-resolution
infrared spectra of polyatomic molecules in the 1.67 um region. The experimental setup can
operate according to two complementary working regimes to interpret the complex pattern of
highly-excited vibrational states of methane.

The hypersonic jet delivers strong out-of-equilibrium state, in which vibrationally hot
and rotationally cold high-resolution infrared spectra were recorded. The obtained non-LTE
(Local Thermodynamic Equilibrium) spectrum of methane provides accurate positions of the
upper energy levels to refine the potential energy surface on which ab initio variational
theoretical models are based.

A new post-shock CRDS technique results in close to local thermodynamic equilibrium
conditions which contribute to the analysis of a more complex rotational structure and
complete the information on the excited hot vibrational energy levels.

Parallelly, through a collaboration, a transformed Pocket Rocket plasma source was
developed and implanted to SMAUG to investigate an alternative heating system and more
elevated vibrational energy levels. This work was done in the frame of the e-PYTHEAS ANR
project that focuses on high-temperature spectroscopy of small hydrocarbons.



Résumeé

Le systeme expérimental de pointe SMAUG a été développé pour produire des données
de référence spectroscopiques infrarouges inédites pour la détection de nouvelles molécules
et la reconstruction de la structure verticale de I'atmosphére d’exoplanetes de type Jupiter
chaud.

Une mini-tuyére de Laval en graphite, connectée a une source de haute enthalpie et
couplée a un spectromeétre par temps de déclin d’une cavité optique (CRDS), a été développée
afin de produire des spectres infrarouges a haute résolution et haute température du méthane
dans la région a 1,67 um. Le dispositif expérimental fonctionne dans deux configurations
complémentaires pour accéder aux signatures infrarouges complexes du méthane dans ses
états vibrationnels fortement excités.

Une détente hypersonique produit un état de trés fort déséquilibre thermodynamique
moléculaire, associé a des températures vibrationnelles élevées et une température
rotationnelle tres basse. Du spectre hors équilibre sont extraites les positions précises des
niveaux d'énergie vibrationnels excités qui affinent la surface d'énergie potentielle du méthane
et améliorent la précision des modeles théoriques variationnels ab initio qui fournissent les
listes de raies spectroscopiques a haute température a la communauté des planétologues.

Une nouvelle technique CRDS post-choc conduit a des conditions proches de I'équilibre
thermodynamique local. Les températures vibrationnelle et rotationnelle élevées atteintes
donnent accés a la structure rotationnelle compléte des différentes bandes observées, de
méme qu’aux bandes chaudes vibrationnelles issues des états les plus excités de chaque
polyade du méthane.

En paralléle, une source plasma radiofréquence de type Pocket Rocket a été adaptée et
utilisée comme moyen de chauffage alternatif. Ce travail de thése a été réalisé dans le cadre
du projet ANR e-PYTHEAS qui vise a mieux connaitre la formation des exoplanéetes et leur
évolution.
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Introduction

Introduction

“Ad astra per aspera.”®

LES EXOPLANETES TOURNENT AUTOUR D’AUTRES ETOILES QUE LE SOLEIL LE PLUS SOUVENT, CELLES QU'ON PEUT
OBSERVER SONT DES GEANTES (GAZEUSES COMME JUPITER, SAUF QU’ELLES SONT TOUTES PROCHES DE LEUR ETOILE
ET DONC TRES CHAUDES, D’00 LEUR NOM DE « JUPITERS CHAUDS ». = S

A CAUSE DE LER D CTTSE ... JERRE,,
EXTREME, iL EST TRES DIFFICILE

" DE CONNAITRE LEUR COMPOSITION. @

- MAIS C'EST UN PEU PLUS FACILE EN CE QUI CONCERNE LEUR &
£ ATMOSPHERE, CAR LES GAZ OUI LA COMPOSENT LAISSENT UNE
TRACE DANS LA LUMIERE DE L'ETOILE QUI PASSE A TRAVERS EUX.

$To the stars through difficulties?
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Introduction

Brief history of the theory of solar systems and the exoplanets

The first heliocentric model in which the planets orbited around a centre star dates back to the
ancient Greeks. Aristarchus of Samos, an astronomer and mathematician ¢.310 — c.230 BC,
presented his observations and placed the Sun in the center of the universe with the Earth
orbiting around it, meanwhile rotating around its own axis.?

In the 16™ century, the Polish polymath Copernicus described the outline of the
heliocentric model in a handwritten manuscript titled Commentariolus® and later sums up his
observations and calculations regarding to an alternative model of the universe in his printed
book: De revolutionibus orbium coelestium.* His work was followed by his tragically fated
student, Giordano Bruno, who raised the interesting parallelism between the Sun and the other
stars, as he wrote in De I'Infinito, Universo, e Mondi® in 1584:

“In space there are countless constellations, suns and planets; we see only the suns
because they give light; the planets remain invisible, for they are small and dark. There
are also numberless Earths circling around their suns, no worse and no less than this globe
of ours. For no reasonable mind can assume that heavenly bodies that may be far more
magnificent than ours would not bear upon them creatures similar or even superior to
those upon our human Earth.”

Nevertheless, more than another three centuries passed before the first observational proof
of exoplanets was delivered. In 1917, calcium and other heavy-element absorption features
were recorded by the Mount Wilson 60-inch telescope. Named after its discoverer as the van
Maanen 2 Star®, the spectral features of the object could not be completely explained back in
time and today this spectrum, captured on a small glass plate, can be considered as the first
observational evidence of an exoplanet.

Another seven decades went by until in 1988 E. E. Becklin and B. Zuckerman reported an
infrared object near a white dwarf.”® However, this was later revealed to be merely a dusty
disk. The same year, Cambell et al. reported a probable stellar companion around the Chil Ori
A and Gamma Cep stars after the observation of their large velocity variations.” However, the
quality of the recorded data was regarded insufficient to definitively label it an exoplanet
discovery, although the presence of an exoplanet was confirmed in 2002.%° Finally, in 1995,
Michel Mayor and Didier Queloz announced the definitive detection of the 51 Pegasi b
exoplanet orbiting in the Pegasus constellation, for which they were awarded the 2019 Nobel
prize for physics. 112
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Introduction

Detection of exoplanets

Exoplanets can be detected by using ground based telescopes, for example: HARPS - High
Accuracy Radial velocity Planet Searcher!3 as well as spatial telescopes, like Hubble Space
Telescope,** Spitzer Space Telescope®® and the Kepler mission.® Five different methods have
been successfully used to detect a planet beyond our solar system to date.

Most of the discovered exoplanets have been spotted using the so-called transit
method.!” While orbiting around its star a primary eclipse can occur when the exoplanet passes
between the star and the observing telescope. At this time an absorption spectrum of its
surface can be recorded. When the exoplanet arrives behind its star, a secondary eclipse takes
place and a corresponding emission spectrum of the atmosphere of the planet can be observed.
This is a very powerful detection method and is considered to be an exoplanet gold mine by
scientist as it delivers an insight of the composition of the atmosphere of the exoplanet as a
bonus. However, there are limitations of this method to be outlined as well. First of all, the
transit has to be observable, meaning that the plane of the event has to line up with the
observer, otherwise it will not be detected. On the other hand, the method is heavily biased
towards planets orbiting close to their stars, as their orbital duration is shorter, providing more
eclipses and therefore observation opportunities per Earth year.

The radial velocity method!® was used to detect the first exoplanet and remains a very
powerful tool up to date. In this approach, as was mentioned in case of the discovery of Pegasi
b, the orbiting planet makes its star wobble, which cause a Doppler shift in the light arriving
from the star. This technique is often used to confirm exoplanets found by other means as well.

A relatively new approach is the so-called direct imaging technique where a picture of the
exoplanet is captured by blocking the much brighter light of its star.!%?° A fourth approach is
gravitational microlensing, where the exoplanet orbiting around a star bends the starlight with
its gravity.?! The change of direction of the starlight can cause a brightening and fade away
which contains information of the size of the exoplanet. To be able to detect such an event, the
astronomers have to observe a large part of the sky.

Finally, to date only one planet has been discovered by the means of astrometry.?? In
this technique, the wobbling motion of the star caused by an exoplanet orbit causes a change
in the position of the star with respect to other stars. Using this approach to detect exoplanets
requires extremely precise optics and it is hard to carry out such measurements from the Earth
as its atmosphere distorts the arriving starlight.

14



Introduction

Types of exoplanets

The Milky Way contains at least 100 billion stars and the Sun is only one of them. Like Giodarno
Bruno, scientists today believe that each of those stars have their own planetary system. Also,
similarly to our solar system, the discovered exoplanets represent a variety of different types
and sizes. Up to May 2021, more than four thousand exoplanets have been detected and
confirmed, and several thousand more candidates await confirmation.

A group of exoplanets, called Super-Earths, has a misleading name, as it does not refer
to a direct similarity to our home. The Super-Earth notation only reflects the size of the
discovered exoplanets in relation to our habitable one. Precisely, this group contains planets
more massive than Earth but smaller than Neptune. Considering their nature, it is hard to
compare it to anything around us as no similar planet can be found in our solar system. This is
rather interesting, knowing that more than 1000 of this kind of planet have been detected
around distant stars. In the contest of finding the doppelganger of the Earth several constrains
were introduced, such as the presence of a Sun like star, a close to rocky surface and an orbiting
distance comparable to the one we follow. The first Super-Earth exoplanet was discovered in
2015, and was baptised Kepler-452b.2372°

PLANET COMPARISON

Kepler-452b

Kepler-452b is 60% larger than Earth

Figure 0.1: Comparison of the Super-Earth type Kepler-452b exoplanet to the Earth. Credit: NASA/JPL-Caltech

Exoplanets of a size comparable to Neptune or Uranus in our solar system are called
Neptune-like exoplanets. In 2010, HAT-P-11b“%, an icy giant Neptune-like exoplanet, was
discovered. However, studying the atmosphere of icy giants and determining their composition
remains challenging as they are often surrounded by dense clouds which block any light from
passing through. Nevertheless, in 2014, water vapour absorption was detected in the
transmission spectrum of HAT-P-11b.?”
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Figure 0.2: Comparison of HAT-P-11b (left) to Neptune (right). Credit: Aldaron / CC BY-SA 3.0

In a smaller number, some terrestrial exoplanets have been found. These are composed of rock,
silicate water, or carbon. Kepler-11b?® was detected in 2011 and, along with other members of
this group, was investigated for an atmosphere, oceans, liquid water on its surface or any other
sign that might suggest clues as to its habitability.

Figure 0.3: Comparison of Keppler-11b (right) to Earth (left). These rocky terrestrial exoplanets are considered the most
probable to provide a habitable climate. Credit: Aldaron / CC BY-SA 3.0

Finally, and most importantly, almost one quarter of the discovered planets fall into the
gas-giant type exoplanets which are alike to Jupiter and Saturn in our own solar system. This is
to say that these large planets are mainly composed of large quantities of gases over a solid
core. A special group of the gas giants are the so-called hot Jupiters, which orbit so close to
their star that their atmosphere can reach up to several thousands of kelvins. Furthermore,
being the size of Jupiter, or larger, and with a very close orbit, they can make their star wobble,
which can be measured as a shift in the spectrum of the light of the star. This makes hot Jupiters
relatively easy to detect. A famous representation of this exoplanet type is 51 Pegasi b'?, the
first ever confirmed exoplanet. This planet orbits its star so fast that only four Earth days makes
an entire year for this planet, which can be found a mere 50 light years from Earth.

16
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PLANET COMPARISON

51 Pegasi b

Jupiter

51 Pegasi b is 47% less massive,
but 50% larger than Jupiter.

Figure 0.4: Comparison of the hot-Jupiter type 51 Pegasi b exoplanet to Jupiter. Credit: NASA/JPL-Caltech

Origin of the hot Jupiters

The question of how the hot Jupiters could live so close to their host stars fascinated
astronomers since the detection of the first exoplanet. General agreement thought that giant
planets either form by core acceleration?®=! or gravitational instability3>33 however, this latter
case is not possible given the gas conditions close to the star.2* Conversely, core acceleration
could happen close to a star but it is questionable if such a large core could form.3>3¢

To overcome this ambiguity three hypotheses, presented in figure (0.5), have emerged to
explain the existence of gas giant planets orbiting close their star. The theory of in situ
formation assumes that the hot Jupiters are accelerated gaseous envelops that were grown or
assembled at their actual position around the star.3” A second presumption is disk migration3&-
40 which considers that the hot Jupiters were formed further out and travelled with a gaseous
disk surrounding the young star to their current position. A third approach is the formation by
a tidal migration.*! Once the gas disk cleared away from the star, the hot Jupiter could be
pushed to a highly elliptical orbit and approach a star by tidal dissipation.

. Disk Eccentricity
Ex situ formation -
’ disappears excnatmn

°é

Disk
Insitu |migration
formatlon

Disk disappears
< ﬁl@u 3 > @D

Figure 1. Origins hypotheses for hot Jupiters: in-situ formation, disk migration, and high eccentricity tidal migration.

Figure 0.5: Three hypotheses destine to explain the origin and orbital evolution of the hot Jupiters??
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Confirmed species in the atmosphere of hot Jupiters

Following the prodigious progress of infrared (IR) astronomy, it is possible to probe the
composition and find the conditions prevailing in the atmospheres of giant gaseous exoplanets
located several tens of light years away. In fact, today, the challenge is linked to the
interpretation of the infrared signals which reach us from their ultra-hot atmosphere. The
exploitation of these complex signals relies on elaborate radiative transfer codes*® which call
upon spectroscopic molecular databases developed on the basis of both ab initio calculations
and laboratory data obtained under well controlled conditions. Ultimately, experimental
infrared spectroscopic reference data will help planetologists to detect new molecules and
reconstruct the vertical structure of the atmosphere of exoplanets. The idea is to match a
simulated spectrum generated using a presumption of the species present in the atmosphere
and a code governing the way they transfer radiation to the observed spectrum. By tuning the
different input parameters such as the species present, their temperature and density, etc a
good estimate of the characteristics of the atmosphere can be achieved. So far, besides from
hydrogen and helium, the presence of water vapour®*, carbon monoxide*®, carbon dioxide*®,
hydrogen cyanide®4748 ammonia®, acetylene*® and methane**°°>2 have been confirmed in
the atmospheres of exoplanets.

E-PYTHEAS project

The acronym e-PYTHEAS stands for exo-PlanetarY high-Temperature Hydrocarbons by Emission
and Absorption Spectroscopy”? and is a collaboration led by the planetologist A. Coustenis
(LESIA, Paris Observatory), between five French laboratories, bringing together molecular
physicists, theoretical chemists and astrophysicists. The project aims to contribute to the
interpretation and analysis of the data describing spatial hot gaseous media. In other words,
hot Jupiters. Past and current spatial observations of exoplanets have already delivered a huge
quantity of infrared spectroscopic data of the atmospheres of these exoplanets. Additionally,
upcoming spatial missions as the American-European-Canadian James Webb Space telescope>*
and the European ARIEL mission>> will produce an unprecedent quantity of high-temperature
infrared spectral data.

This thesis was conducted in the frame of this project and aims to deliver the required high-
temperature, high-resolution spectral data through laboratory studies of methane. At the
beginning, chapter | portrays the theory behind the IR spectroscopy of methane and details
the previous experimental studies which contributed to the development of theoretical
databases. Thereafter, the development of a state-of-art experimental setup is described in
chapter Il. Following this, the results of the non-Local Thermodynamic Equilibrium (non-LTE)
methane spectra are analysed in chapter lll. To go beyond these results, a new post-shock
experimental setup was developed and its operation and the obtained preliminary results are
discussed in chapter IV. Last but not least, an alternative heating source was developed in
collaboration with an Australian research group. The conception of the platypus cold plasma
source and the preliminary results obtained by probing the plasma jet are exhibited in chapter
V. Conclusions and perspectives are summed up in the last pages.
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Chapter | Infrared spectroscopy of methane

Infrared spectroscopy of methane

“Scientia nihil aliud est quam veritatis imago.””

EN OBSERVANT LES MODIFICATIONS DE LA LUMIERE, iL IL $'A6IT EN FAIT D'UN GRAPHIQUE RECENSANT LA MATIERE QUi
EST POSSIBLE D'OBTENIR DES INFORMATIONS SUR LES COMPOSE L 'ATMOSPHERE ET INDIQUANT DANS QUELLES, CONDITIONS
MOLECULES PRESENTES DANS CET ENVIRONNEMENT. DE TEMPERATURE, DE PRESSION ET DE DENSITE ELLE EVOLUE.

C'esT CE QUON
PRPELLE UN « SPECTRE 3.

iL €57 TRES DIFFICILE
A DECHIFERER GUAND
" ATMOSPHERE EST
Aussy CHAUDE.

MAIS LES DONNEES QUE REGOIVENT LES
TELESCOPES NE FORMENT PAS UNE
IMAGE EPOUSTOUFLANTE...

" Science is but an image of the truth.’
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1.1 Target molecule: methane

Infrared radiation was discovered by Sir William Herschel? in 1800. It concerns the
electromagnetic spectrum between the 12800 — 4000 cm™* spectral range® and it is arbitrarily
classified into three regions: near (12800 — 4000 cm™!), middle (4000 — 1000 cm™) and far (1000
—100 cm™) IR. The energy of this radiation typically matches the energy of transitions between
rotational states of different vibrational states of molecules in the gas phase, but within the
original electronic state of those molecules. Infrared is thus of particular importance for the
detection and characterisation of the so-called “cool” astrophysical bodies such as hot
Neptunes and hot Jupiters, but also brown dwarfs or evolved red giant stars of the asymptotic
giant branch stellar class. The typical temperature of these objects varies between 500 and
3000 K, leading to black body emission peaking in the infrared range. Infrared telescopes are
therefore extensively used to measure the molecular opacities of these objects either by
absorption or emission.

At the moment, as mentioned in the Introduction, methane is in the spotlight of
numerous astrophysical investigations as a key molecule in the atmosphere of hot Jupiters? and
many exoplanets.*™ It is also a powerful absorber and emitter in the infrared spectral region,
and, as such, methane plays an important role in radiative transfer processes specific to the
atmospheres in which it is present. In parallel, the radiative properties of methane can reveal
interesting physical and chemical properties of planetary atmospheres sometimes subjected to
extreme conditions. Being the simplest hydrocarbon, methane has been addressed in
numerous investigations in various scientific fields. In the 19 century, its three-dimensional
structure and its chemical bonding was investigated by the Dutch physical chemist Jacobus
Henricus van't Hoff.2 Later, his investigations allowed physicists to study its potential energy
surfaces for molecular dynamics purposes.®°

Methane (CHa4) is a spherical top hydrocarbon molecule. As figure (1.1) represents, it is
a highly symmetrical molecule with a tetrahedral molecular geometry due to four equivalent
C-H bonds. Examination of figure (1.1) shows it to be invariant (apart from atom numbering)
under the following 24 point group operations: the identity; eight three-fold rotations; three
two-fold rotations; six four-fold rotation-reflections; and six planar reflections. Methane
therefore belongs to the tetrahedral point group T4 characterised by the five irreducible
representations A1, Az, E, F1 and F; (see table (1.1)).113

T cm™ unit, commonly referred to as a “wavenumber”, corresponds to the inverse of the wavelength of the light
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T 108.70 pm

C"u,
H-<\ 'H

109.5° H

A

Figure 1.1: Structure of the methane molecule'?

Table 1.1: Character Table for the Ty point group, where E=identity, Cs=three-fold rotation, C,=two-fold rotation, S4=four-fold
rotation and inversion, og=planar reflection. The F; representation can be characterised as a rotation in Cartesian coordinates,
while the F, representation can be characterised as a translation in Cartesian coordinates. 11-13

Ty E 8C3 3C; 6S4 604

Aq 1 1 1 1 1

Ay 1 1 1 -1 -1

E 2 -1 2 0 0

Fi 3 0 -1 1 -1 RxRyR:
F2 3 0 -1 -1 1 TxTy T,

The reducible representation for the displacement coordinates of the molecule is therefore
I3v = A; + E+ F; + 3F,, where N is the number of atoms in the molecule. In the I3y
representation, six of the irreducible representations correspond to transitions and rotations
of the molecule. The representation relative to atoms moving in the same direction at once is
I'r = F,, while the representation corresponding to rotation is I'; = F;, the dimension of these
irreducible representations is 3, as shown in the second column of table (1.1). Finally, the
irreducible representation of vibrations is I}, = I3y — It — IR = A; + E + 2F,.
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1.2 Energy structure

The energy structure of the methane molecule is described by the molecular wavefunction. To
simplify its determination, the Born-Oppenheimer approximation is employed, which
decomposes the total wave function (,:) describing a molecule into the product of the
separate electronic (Y,;), vibrational-rotational (¥ ip—r0 ), €lectron spin (y,) and nuclear spin
(Yns) wavefunctions:

Yiot = VerWvib—rotWesWns 1.1

Moreover, in the rigid-rotor and harmonic-oscillator approximations, the vibrational rotational
wavefunction can be further decomposed into the product of the vibrational (,;,) and
rotational (Y,o¢) Wavefunctions:

Yoib—rot = PvibWrot 1.2

Each of these five classifications of the energy of a methane molecular will be treated,
separately, in detail in the following sections.

1.2.1 Vibration of methane

The vibration of methane is limited to certain modes, the so-called normal modes where each
of these normal modes corresponds to a vibrational degree of freedom. Fundamentally, the
normal modes describe the independent motion of atoms or groups of atoms that can be
excited separately and without stimulating any other normal mode.'* Concerning methane, the
number of coordinates is 3N-6 = 9, with [ = A; + E + 2F,. Using the Tq character table, the
representation of the vibration can be decomposed on the basis of the internal stretching and
bending of the molecule, leading to Iy = Iy + [pend, With sy = Aq + F, and Tpeng = E +
F,. This corresponds to four stretching modes and five bending modes (E and F; irreducible
representations are twofold and threefold degenerated, respectively). The four C-H stretching
modes can be reduced to one symmetrical stretch, A1, and a triply degenerate F, antisymmetric
C-H stretch. Similarly, the five bending modes reduce to a pair of E modes along a triply
degenerate F, bending mode. The result is four normal modes of vibration for the methane®:

Table 1.2: Four normal modes of methane

12CH4 normal T s b Wavenumber
vibrational mode ype ym. °&: (cm™)

Uq symmetric C-H stretch Aq 1 2916.433
Uy bend E 2 1533.345
U3 antisymmetric C-H stretch F> 3 3019.418
Uy bend F2 3 1310.776

Note that only the v5 and v, vibration modes are active in the infrared since these are the only
modes that induce a non-zero dipole moment.
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Observing the frequencies of the normal modes, it can be seen that mode v, is quite close to
v, and that their frequency is about half of the stretching modes v; and v;. Therefore, the
vibrational modes of methane form groups of vibrational levels with the following ratio:
Vi~ 205~ V3 ~ 2.

A group of methane vibrational energy levels is called a polyad (P), and the quantum number
of the polyad could be obtained from:

n=2w +v3)+v,+v, 1.3

The different polyads are displayed in table (1.3).

Table 1.3: Summary of the polyads concerned in this thesis, underlying the rising numbers of vibrational sublevels as energy
increases

Polyad No. (Py) Name Vibrational levels
Po Ground state 1
P1 Dyad 2
P2 Pentad 9
Ps3 Octad 24
P4 Tetradecad 60
Ps lcosad 134
Ps Triacontad 280
P; Tetracontad 538

1.2.2 Rotation of methane
The rotational energy levels of methane are given by:

Ejx = BJ(J + 1) — D;J2(J + 1)? 1.4

Where the first term describes the rigid body rotational energy level, and the following terms
are the corrections due to the centrifugal distortion. D;is the centrifugal distortion constant.
The rotational constant B is given by:

h? 1.5

B =
8m2]
| —is the moment of inertia of the molecule, and as methane is a symmetrical top: la=lp =1 =1
and h is Planck’s constant.

Remark: methane being a relatively light molecule, its moment of inertia is small and thus
associated with a relatively large rotational constant B = 5.2412 cm™. The rotational energy
levels are therefore relatively far from each other and the vibrational bands therefore extend
over several hundred wavenumbers (see figure (1.2)).
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The symmetry of the rotational wave function is given in table (1.4), according to the different
J values. The selection rules allow rovibrational transitions where AJ = -1, 0, +1, resulting in
three branches P, Q, and R, respectively, as it is presented in panel (a) of figure (1.2).

Table 1.4: Symmetry of the rotational wave function of methane with varying J.

Iz

Aq

F1

EDF
ADBFOFR
ADEDFDF
ED2FLDF;
ABDA DEDF1 D 2R

O Ul WN P O

The Coriolis force causes a coupling between the vibration and the rotation of the molecule
which results in interactions between vibrational states of same symmetry. The coupling occurs
when the product of the vibrational symmetries of the two vibrational levels involved contains
the rotational symmetry F1, which limits this type of interaction to the F;, vibrational symmetry
(because F; € F,®F, = A{®E®F,®F,, while F; ¢ EQE and F; € A;®A;).1%' The Coriolis
interaction is therefore responsible for lifting degeneracy which results in a splitting of the
energy levels of the rovibrational states involved, and therefore to a multiplication of the
permitted transitions leading to a number of satellite transitions observable in the spectrum of
methane with the same J-levels (see panel (b) of figure (1.2)).

1.2.3 Nuclear spin isomers

The methane molecule is composed of a carbon atom of zero nuclear spin (boson) and four
hydrogen atoms of one-half nuclear spin (fermions), resulting in a total nuclear spinof /=0, | =
1 or | = 2, corresponding to the para, ortho and meta nuclear spin isomers, respectively. The
reducible representation relative to the nuclear spin of the molecule can be expressed on the
basis of the irreducible representations of the Ty character table: I'ys = 5A; + E + 3F,.

According to the Pauli exclusion principle, the construction of the total wave function of
methane, Yo, Mmust be antisymmetric with respect to the permutation of two hydrogen
atoms. Its symmetry must therefore be A; or A,. Considering methane molecule in its
fundamental electronic state (A1 symmetry) yields to:

[tor = [y @R ®Iys
Furthermore, considering the vibrational ground state (A1 symmetry) as an example, yields:
lior = [R®Iys

The possible combinations of 'y and I'ys are summarised in table (1.5), leading to the statistical
weights (5 for A1 and A, 2 for E, and 3 for F1 and F;) responsible for the line intensities observed
within a same-J cluster of rovibrational lines (see again panel (b) of figure (1.2)).

Finally, the complete energy structure of methane for the first four polyads is represented
visually in figure (1.3).
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Table 1.5: Statistical weights according to the nuclear spin state and the symmetry of the rotational wave function

I'r Iys [iot Statistical weight (2/+1)
A1 A1 (1=2) A1 5
Az A1 (1=2) Az 5
E E(/=0) A1 A2 2
F1 Fa(1=1) A; 3
F2 Fa(1=1) A1 3
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Figure 1.2: Simulated spectrum of methane at 80 K. Panel (a) exhibits the three P, Q and R branches. Panel (b) highlights the
presence of the cluster splitting with the 5/2/3 ratio for rotational lines of A/E/F symmetry.

32



Chapter |
sooo- Obs. Levels: 94.01% le
0
(0]
“ 0
(0]
oO
Tsm— OO
3 0
2000 OO
O
OO
o] o°
OO
Y)OOOOOOOOOO
I S S T S e AT
Obs. Levels: 50.40 %
] gest’
;oooooooooo..l."“ie
um_ozzgzggeoeooaooeee?i 'OSQQOOQG
oJo] 5.00°
S
J .ciiiiiiiil'lll. ’?!f
“*‘@““%i?"""“""“""f=
et T I!l;.;
0200)A1 51
ad it .........!.EGZ
00028 0,
m’DOO%Z
0 5 0 s » . i %

Infrared spectroscopy of methane

© (0100 |
(000 1)F2
1600 "g
000000009968838888380090998@@
e Obs. Levels: 78.82%
k3
SRR
9000968@l g LT
- i
0]
eeeo @ @&
1200 @ooo @©®
0000
lo}
“w—] ! J T T T T
0 5 10 2 - s
o (1100€
o] guonosutadilils ) i gt
NO00000000000668 “"‘&‘-.: "Eéi‘;’?
ol @000 ] 1t . 8:::;;
i TH -
oLl i s
i free . |c
Lam. FOPRH
ng!!l!0000 l‘:. :EEE%
R i e
- ) 0003)F1
s ) . 0003)F2,
S0 1 ; Pt (o
= " 1 " HH $
Obs. Levels: 3483% Yoy, .
W_Y - . . —
0 5 10 15 2 = -

Fig. 4. Reduced energy levels of methane for P, to P; polyads. Sub-states are characterized using different symbols (circles or squares) and colors. For a given J-level the size
of each marker defines the percentage of the zeroth-order states that composes the levels. (For interpretation of the references to colour in this figure, the reader is referred

to the web version of this article.)

Figure 1.3: Representation of the methane energy structure by Amyay and Boudon'é
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1.3 Line intensity

A laser beam passing through a layer of homogenous gas loses a certain quantity of its initial
intensity (I(v)) at a given wavenumber (v). The variation of the intensity (dI(v)) can be
described by the Beer-Lambert law!®:

dli(v) = —a(v)I(v)dl 1.6

Where, a(v) - spectral absorption coefficient in cm™ and dl - the pathlength of the studied
layer of gas. By defining the integrated absorption coefficient (a) of an isolated line centred at
Vo

o= jooa(v —v)d(v — vy) 17

the spectral absorption coefficient can be determined using the integrated absorption
coefficient as a proportionality constant and a normalized profile (®(v — v,)) whose integral
over the entire spectral domain is unity.

a(v—vy) =0 P —1vy) 1.8

At the same time, the integrated absorption coefficient can be expressed proportionally to
various conditions of the probed gas, such as pressure (p), volumetric density (p) and number
of absorbing molecules per unit volume (N):

oc=0lp=odlp=0clN 1.9

Following this equation, a relationship between the pressure and the number of
absorbing molecules can be established which demonstrates the temperature dependence of
the integrated absorption coefficient:

P
o) (T) =50} 110

Knowing that the integrated absorption coefficient depends on temperature calls for a
relationship that describes the changes in intensity from some Ty to T. This ratio depends on
how the energy of the molecule is distributed across its different levels at the two temperatures
(the partition functions) and the particular energies of the lower and upper states involved in
the transition (or the energy of just the lower state along with the transition energy, which is
the difference between the two states).? The effect of the partition functions, lower state
energy and transition energy on the integrated absorption coefficient between different
temperatures is given as:
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CoV
To) —cr(i-Y|[1—e" T

o, (T) = ag(To)QQtL((,I?))e CZEL(T TO) — 1.11
tot 1—e To

Where, Q;,:(T) — the total partition function sum (see next paragraph), £;— lower state energy,
. h .
v—transition energy, ¢, = f—the second rotational constant, where k — Boltzmann constant,

c —the speed of the light.
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1.4 LTE vs non-LTE

Depending on the medium in which it is located (plasma, supersonic expansion, photosphere,
planetary atmosphere, shock layer, etc.), a gas may no longer be in conditions corresponding
to a Local Thermodynamic Equilibrium (LTE). LTE is achieved when there are sufficient collisions
between the molecules to evenly distribute energy through the different degrees of freedom
of the molecule. It usually occurs when the temperature and pressure values are not very low,
and the population throughout the quantum energy states follows a Boltzmann distribution
and at the same time, the molecular velocity remains Maxwellian.

Conversely, when there is a drop in the number of molecular collisions, the above-
mentioned population distribution differs from a Boltzmann, while the molecular velocity still
respects a Maxwellian distribution. This phenomenon is called a non-Local Thermodynamic
Equilibrium (non-LTE) and it happens when the radiative lifetimes of certain vibrational energy
states are in comparable scale to the mean time between incidents of molecular collisions.?? In
this latter condition, the internal energy populations are not determined strictly by collisional
energy exchange and other factors gain importance, such as radiative and chemical pumping
as well as radiative losses.??

The temperature of the gas is intimately related to the distribution of the molecules
throughout their various energy levels and therefore the intensity of a transition is strongly
dependent on the temperature of the gas. Given that vibrational energy spacing is generally
larger than rotational energy spacing, a vibrational molecular state is normally associated with
a series of rotational molecular states. A rovibrational transition connects two different
vibrational energy levels to form a vibrational band, with P, Q, and R branches defined by their
lower J-level (refer to figure (1.4)). If the initial vibrational energy level corresponds to the
ground vibrational state (i.e. without any quanta of vibration) then the vibrational band is
referred to as a “cold” band, mainly because at room or colder temperatures the population of
the ground state is important and leads to an intense absorption band. If the initial vibrational
energy level corresponds to an excited vibrational state, then the vibrational band is referred
to as a “hot” band, because to be detectable such band requires a significant thermal
population on its initial vibrational state. Of course, to achieve this, the temperature of the gas
must be higher as the vibrational state is at high energy.
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Figure 1.4: Schematic representation of rovibrational transitions of CO (blue: 3<-0 cold band transitions and red: 5«2 cold band
transitions)

In a hypersonic jet (a more detailed explanation of this concept follows in Chapter )
the non-LTE condition is based on a very efficient and quick rotational-translational (R-T) energy
transfer, and a rather inefficient vibrational-translational (V-T) collisional energy transfer,
throughout the adiabatic expansion. From a spectroscopic point of view, the spectra obtained
in such extreme conditions expose a simplified rotational structure, as it can be seen in panel
(c) of figure (1.5), meanwhile this energy structure permits a line-by-line analysis of the various
hot bands that can be detected. The exact determination of the line positions would be
impossible in high-temperature LTE conditions due to the vast number of overlapping
transitions, as represented in panel (b) of figure (1.5). Finally, panel (a) of figure (1.5)
demonstrates the case of a molecule in cold LTE conditions, missing information on the hot
bands.
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Figure 1.5: Simulated CO spectra at different conditions, underlining the advantage of non-LTE spectroscopy. Panel (a):
simulated CO spectrum at 15 K, only the lines corresponding to the 3«<-0 cold band appear. Panel (b): simulated CO spectrum at
2000 K in LTE conditions, revealing the 4«1, 52 and 6«3 hot bands and the multiple overlapping lines. Panel (c): simulated
non-LTE CO spectrum with vibrational temperature: T, = 2000 K and rotational temperature: T,o:= 15 K highlighting a simplified
rotational structure and the presence of hot bands.
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1.5 Partition function

The internal partition function allows the calculation of the probability of a system to occupy
a given energy state. The total partition function sum is a direct summation of the population
for all of the quantum states (s;):

—CE;
Qeoe(T) = Z gie T 1.12

all s;

Where, g; —is the statistical weight of level i and E; —the energy of level i. Remark, equation
(1.12) considers LTE conditions and subsequently a Maxwell-Boltzmann distribution
characterised by a temperature 7. Knowing the molecular density (N) as well allows the
derivation of the density of molecules (n) present in a given quantum state at the given
temperature:

—CE;

gie T 1.13
n;(T)=N .
' Qo (T)

Or, in case of no knowledge of the molecular density, the concept of the population
probability (W;) can be introduced:
—CE;
gie 2 1.14
Qroe(T)

Wi

Obviously, summing up the population probabilities over every quantum state results in unity.

The different quantum states can be considered as rovibrational states, and their
energy level (E;) can be represented as the sum of a vibrational energy (E,,) and a rotational
energy (E,):

E;=E,+E, 1.15

Henceforth, the partition function can be written as a product of the vibrational partition
function (Qyip(T)) summed over every vibrational state (v;) times the rotational partition
function (Q,,:(T)) summed over all the rotational levels (J;)?32¢:

Qtot(T) = Quip(T) X Qrot(T) 1.16
This product approximation turns out to be very accurate for methane.?’

_CZE‘U,: _CZETi
Qe (T) = Z gve T X Z gje T 1.17

all v; all J;
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Where, g,, — represents the statistical weight of the vibrational states and g, — describes the
statistical weight for every rotational level.

Accordingly, equation (1.11) can be modified to:

sz
Qtot (To) —c E-(l_l) l—e T

o (T) = ol (T,) o BT [ 118
7 Y 0 Qvib (T) X Qrot(T) 1— e—%

Radiative transfer theory delivers a spectral line intensity which describes a
rovibrational transition from a lower energy level (i) to an upper level (j) as a function of the
center of the line (v;;), the Einstein coefficient?*?® (B;;) for absorption and the corresponding
lower (g;) and upper (g;) statistical weights and the lower (n;) and upper (n;) populations:

0ij =T”Bl.jni< —:Z‘—n’> 1.19
jrhi

Considering LTE conditions, the Boltzmann factor I' represents the ratio of the population
regarding the upper and lower levels:
LT —— 1.20

=e
grn;

r

Until now, the molecules were considered in LTE conditions and the above-mentioned
equations are adequate assuming this criterion. However, when non-LTE conditions occur,
these equations have to be modified to respect the fact that the population levels differ from
the Boltzmann distribution, while they maintain a Maxwellian molecular velocity distribution.

To describe the integrated absorption coefficient in non-LTE conditions, additional
temperatures have to be introduced next to the base kinetic temperature (7). The rotational
temperature (7,) describes the population distribution across rotational levels and the
vibrational temperature (T,) defines the populations across vibrational levels. In a hypersonic
jet, in the adiabatic expansion, the kinetic temperature drops and the rotational temperature
follows its value closely, meanwhile, due to the lack of molecular collisions, the vibrational
temperature cannot relax efficiently and this results in: T<T,<T,.

Furthermore, one rotational temperature is enough to describe the rotational structure
among the rotational levels, on the other hand a set of vibrational temperatures is required to
model the vibrational level population?!. In fact, these vibrational temperatures express the
population (n,,;) on a given vibrational level with reference to the population of lowest
vibrational level (ny), namely the ground state:

hcE,,.
T, = o

Tal, (g,,ino) 121
gOnVi

40



Chapter | Infrared spectroscopy of methane

Here, gy, and g, are the statistical weights of the v; vibrational level and the ground state
respectively.

Henceforth, the non-LTE partition function can be written as:

_CZ E”L —C2 Erl

Qtot(TrrTvi) = Z 9v;€ 9gj.€ Tr 1.22

all v; all J;

Accordingly, the ratio of the population of the upper (n;) and lower (n;) levels in non-LTE
conditions can be given as:

_CZE‘UL-
Pioce ™ 1.23
—GE; .

e Ti

—CzEr
n_gie
n; gi

Finally, the non-LTE integrated absorption coefficient can be obtained:

Emb Erot 124
Qo(To) kb;f 11c<T T T )

o;i\T., T, ) = 0o;; (T X e 0 vi T

U( " vl) U( 0) Qrot(T)x me(T )

Emb Emb Erot Erot
1 —e kTy;

hcvi]
1—e Ko

X

Remark, each vibrational state has its corresponding vibrational temperature which has to be
applied depending on the characteristics of the transitions. Also, to obtain a non-LTE vibrational
partition function every vibrational state has to be summed up by using the corresponding
vibrational temperature for each vibrational level.

Figure (1.6) is a schematic representation of the methane energy structure. Panel (a) of
figure (1.6) exhibits the lowest energy state, the ground state, and the first polyad, namely the
dyad with its two vibrational energy levels. The panel also demonstrates the possible relaxation
processes, between the rotational energy levels, between the vibrational levels within a polyad
(intra-polyad vibrational relaxation) and relaxation between polyads (inter-polyad vibrational
relaxation).

In panel (b) of figure (1.6) the degenerate vibrational levels of the pentad are shown; the panel
aims to illustrate the close and occasionally overlapping rotational levels of the different
vibrational levels. This is considered to be the reason why an efficient intra-polyad vibrational
relaxation could occur, as the population could easily descend to lower vibrational levels
through efficient relaxations within the polyad. However, due to the bigger energy gaps in-
between the polyads, the inter-polyad relaxation is thought to be much less effective.?%3°
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Figure 1.6: Schematic representation of the ro-vibrational energy structure of methane. Panel (a) represents the ground state
and the first polyad (dyad), and the possible relaxation processes. Panel (b) highlights the degenerate vibrational modes and

the energy structure of the pentad polyad.
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1.6 Boltzmann plot method

The Boltzmann plot method is a commonly used technique to retrieve molecular temperatures
by comparing the relative intensities of different energy levels, rotational or vibrational. It can
characterise the population distribution in the rotational and vibrational energy levels as long
as the population distribution can be considered Boltzmannian. The Boltzmann distribution
gives the relationship of the populations between a lower energy state (N;) and a higher (N))
energy state:

N: . Ei—E;
N_9; o7 1.25
N; g;

Where, g; and g; — are the statistical weights of the upper (E;) and lower (E;) energy states
respectively, k — is the Boltzmann constant and T —is the characteristic temperature.

The recorded absorption coefficient depends on:

g, _ A eh ( ) _02%')
T —
Qeot(T) 87chij2 ¢ ¢

al-j(vl-j,T) = 1.26
Where, Aj; — is the corresponding Einstein coefficient for spontaneous emission. The term

_C2v
(1 —e T ) is neglected at the moment due to its value close to unity (~0.98) in the conditions
of these experiments. Then, equation (1.26) can be rewritten:

n <aij(17: T) - Qoe(T) - 87TCUij2> _ Gk

1.27

This formula allows the determination of the characteristic rotational or vibrational
temperature of a molecule depending on the substituted energy £;, which can take the form of
rotational or vibrational energy levels as well.
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1.7 Databases of methane

More and more observational data arrive from the various spatial environments and extra-
terrestrial atmospheres each day. In order to investigate and interpret these data it is vital to
have accurate line lists that can be used as input files for radiative transfer codes33? which in
turn are used to model the atmospheres being observed®® or to carry out concentration
measurements of these environments.?*#3 In the following section, some different line list
construction approaches are presented for the two databases that contain information relative
to the infrared spectrum of methane.

1.7.1 Effective Hamiltonian extrapolation

In this approach, the line list is based on infrared experimental spectra and the calculated
rovibrational line list results from an effective Hamiltonian constructed for one particular
polyad. This approach is very precise as it can calculate rovibrational transitions with a precision
equal to the experimental observations. The calculated transitions, however, are less precise
for extrapolated transitions involving rotational or vibrational energy levels not yet determined
experimentally.

1.7.1.1 MeCaSDa - methane calculated spectroscopic database

The MeCaSDa3%¢3’ database provides a purely calculated line list that is based on the most
recent fitted and assigned experimental spectra obtained by different research groups.38-49 This
method constructs the effective Hamiltonian, dipole and polarizability parameters adaptively
for every polyad scheme of methane.

1.7.1.2 HITRAN - high-resolution transmission molecular absorption database

The line list provided by HITRAN*! is based, in principle, on high-resolution experimental
spectral data recorded under controlled laboratory conditions. However, in case of lack of
experimental data, the experimental lines are complemented with theoretically calculations.
The database aims to provide a theoretically self-consistent set of parameters with the highest
accuracy possible.

These semi-empirical lines are widely used in the field of spectroscopy for their very
accurate line parameters. However, the accuracy comes with the price of the slow progress of
the extension of the database. Carrying out line-by-line analysis for polyatomic molecule like
methane at higher energy levels suggests the study of millions of overlapping lines appearing
in the recorded spectrum. Often, the limited numbers of rovibrational transitions in the HITRAN
database do not fulfil the requirements raised by the current and upcoming astrophysical
challenges.

For planetary and astrophysical applications, completeness is generally more important
than accuracy on the individual lines, therefore the below discussed ab initio calculations are
preferred.

1.7.2 Ab initio calculation

To respond the above-mentioned needs, a completely different approach is the so-called ab
initio calculation. Instead of fitting a function over experimental data and then extrapolating it
over a wider spectral and temperature domain, in case of an ab initio model the theoretical line
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list is derived from molecular potential energy surface (PES) and dipole moment (DM) surfaces,
constructed from physical first principles, thus considering all the polyads simultaneously.

1.7.2.1 TheoReTS - theoretical Reims—Tomsk spectral data

A very unique feature of TheoReTS*? database is the exhaustive line list of the hot bands of
methane, which describe the rovibrational transitions issuing from highly excited vibrational
levels to over 13000 cm™ in spectral range or corresponding to conditions of 3000 K.** In
general, the results of the ab initio calculations match the experimentally recorded spectra very
well at lower energy levels, however the discrepancy grows as the energy rises. Therefore, the
vibrational band centres are corrected using the VSS procedure®*, nevertheless this procedure
does not concern the rotational lines, nor the vibration-rotation interactions, they are always
the result of pure ab initio surfaces.

1.7.2.2 ExoMol

The aim of the ExoMol*>*® database is to provide high temperature line lists for molecules
which are considered to play a key role in hot spatial environments such as exoplanets and cool
stars. Concerning methane, the line list YT10to10%"48 delivers calculated high temperature line
list up to 12000 cm™ in transition energy.

In conclusion, spectroscopic databases are rapidly improving and expanding in terms of their
accuracy as well as in their coverage of the spectral domain. However, as it has been pointed
out, the correctness and therefore the utility of the theoretical line lists highly depends on the
experimental verification of the spectral parameters. In the following chapter, the experimental
work is presented, without the list being exhaustive, that has contributed to the validation of,
or, where it was needed, to the correction of, the calculated lines.
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1.8 Previous IR spectroscopic studies of methane
1.8.1 LTE spectroscopy

1.8.1.1 Dyad and pentad

Concerning studies on methane hot bands, an update on the existing line list*® covering the
dyad polyad, the v, and v, vibrational levels of methane, was reported by Amyay et al.>° High
resolution, high temperature emission spectra, up to 1400 K, were recorded using a Bruker IFS
125HR Fourier transform spectrometer (FTS) at the SOLEIL synchrotron facility, over the 1100-
1500 cm* spectra range. This study resulted in the extension of the rotational assignments of
transitions issuing from the P1-Po and the P,-P1 polyads. Furthermore, 8512 new transitions
contributed to the significant improvement, in terms of a more complete rotational structure,
of the MeCaSDa database.

Following the investigation of the dyad polyad, a new data set concerning the pentad
polyad was recorded in Rennes using the same technique by Amyay et al.> A High Enthalpy
Source®! generated a continuously renewing flow of high temperature methane, whose
infrared emission was collected by a high resolution FTS.

1.8.1.2 Tetradecad and icosad

The absorption spectrum of methane in the 5852-6181 cm™ spectral region was investigated
using CRDS by Gao et al.>*> probing cold (81 K) methane in a cryogenic cell with a series of
distributed feedback (DFB) lasers. The investigated spectral domain concerns the tetradecad
region where the 2v3 band is represented. As a result of the investigation, 845 low energy
transitions were identified. In a direct continuation of the previous work, the obtained
transitions at 81 K were compared to lines recorded at 296 K in frame of the GOSAT project>?
to explore the temperature dependence of the methane absorption spectrum and to retrieve
additional transitions corresponding to the 2v5 band.>*

Afterwards, the same experimental system was used by Campargue et al. to record the
absorption spectrum corresponding to the icosad polyad.> Cold spectral data was obtained in
the 6717-7351 cm™ spectral domain where the higher vibrational band of methane, the
v,+2v3, dominates and where the theoretical line lists reported inaccurate rovibrational
energies. An exhaustive lower energy line list, consisting of almost 13000 experimental lines,
was established at 81 K.*® The corresponding data is incorporated in the WKMC (Wang, Kassi,
Mondelain & Campargue) empirical line list (from 5852-7919 cm?).

The tetradecad spectral region in the 5693-6257 cm™ domain was investigated by
Ghysels et al. at 964 K. Using the DAS high-temperature experimental setup>’°, consisting of
an absorption cell implanted into a single-zone tubular furnace, transitions were recorded by a
set of DFB lasers.”® This study derived a more complex rotational spectrum with the appearance
of transitions issuing from J = 21 rotational level.

1.8.1.3 Tetradecad, icosad and triacontad

An absorption cross section atlas was delivered by Wong et al.®? in the near-infrared, or 5200-
9200 cm? region. Spectral data of methane were recorded at eight different temperatures,
between 296 and 1000 K, using a Bruker IFS 120/125HR FTS. The registered transitions concern
the tetradecad, icosad and triacontad polyads. The investigation validated the precise high-
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resolution theoretical line list describing the tetradecad and icosad polyads, however, it also
revealed the inaccuracy of the theoretical calculations at even higher energy levels.

1.8.1.4 Triacontad

The first recorded lines from the triacontad polyad dates back to 1980. Pierre et al. used a
cooled multiple-reflection cell coupled with a FT spectrometer to measure the most intense
lines around 9000 cm™ and reported the first line assignments on the 3v; vibrational band.®?

An empirical line list in the 9028 — 10435 cm™ spectral region was reported by Béguier
et al. recording data with a Bruker IFS 120HR FT spectrometer and a 1.5 m long multipass cell.
The cold bands recorded at 301 K explore the tetracontad and the high energy region of the
triacontad and resulted 7212 and 574 lines respectively.®?

The transitions arriving to the 8900-9100 cm™ spectral region were investigated by
Foltynowicz et al.?® by the mean of a high-power singly resonant continuous wave (cw) optical
parametric oscillator (OPO) pump and a frequency comb probe.®* The methane gas was placed
into a 80 mm long single-pass cell and was cooled down by dint of liquid nitrogen. The study
reports revolutionary experimental data on the previously unexamined 3v3 band region.

1.8.1.5 Tetracontad and pentacontakaipentad

The lowest rotational level, J = 0, was assigned for each excited vibrational state of methane up
to 12000 cm™.%° The significantly high energy tetracontad and pentacontakaipentad polyads
were investigated in Zirich using a Bruker IFS 125HR prototype spectrometer. For recording
cold spectra at 80 K, a multireflection collisional cooling cell®® was used.
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1.8.2 Non-LTE spectroscopy

1.8.2.1 Dyad, pentad and octad

The hot bands of methane were investigated by Hilico et al.?® in a supersonic jet using a high-
resolution pulsed infrared spectrometer which was based on a tunable diode laser. The
preheated methane was injected into a slit-shaped pulsed nozzle. Non-LTE lines were recorded
describing transitions between the pentad-dyad and the octad-pentad polyads. The authors
pointed out that while a single 200(10) K rotational temperature could be used to characterise
the rotational population on each vibrational state, multiple vibrational temperatures had to
be introduced to explain the distribution of the vibrational population. Using the Boltzmann
plot method, a global vibrational temperature of 830 K was delivered which took into account
all the recorded lines. A more specific, partial vibrational temperature of 220 K was obtained
focusing on the pentad-dyad lines and 360 K concerning the octad-pentad lines.

The same phenomena was observed by Bronnikov et al.?° using the same slit-jet
experimental setup as mentioned above. Non-LTE spectroscopy was performed on vibrationally
excited, rotationally cooled, methane and the authors proposed a formalism to estimate the
populations on the different vibrational polyads. Their observations confirmed an inefficient
vibrational relaxation among the polyads (inter-polyad), whereas a significant redistribution of
the population occurred within each polyad (intra-polyad).

1.8.2.2 Tetradecad

A continuous high temperature methane flow was generated by the High Enthalpy Source!
and probed by cw-CRDS. In the created hypersonic free-jet expansion®’, strong non-LTE
conditions were obtained, and rotationally cold hot bands were recorded in the tetradecad
region.

1.8.2.3 Icosad

The dataset was recorded by Hippler and Quack®® at room temperature and in a supersonic slit-
jet expansion using a Doppler-limited-resolution FTIR spectrometer and a cw-CRDS. A complex
rovibrational spectrum was delivered describing the icosad polyad in the 6600-7700 cm
spectral range. The low-J value transitions were investigated in the pulsed slit-jet expansion
allowing a precise line assignment. The higher J transitions were searched for in the spectra
obtained at room temperature.

48



Chapter | Infrared spectroscopy of methane

1.9 SMAUG

This thesis presents the development of, and the results obtained, using a state-of-the-art
experimental system christened Spectroscopy of Molecules Accelerated in Uniform Gas flow
(SMAUG). Its name pays tribute to the dragon character imagined by J.R.R. Tolkien, since they
both blow hot gas. In summary, as figure (1.7) represents, a small dimension Laval nozzle
produces a continuous hypersonic flow which is probed by CRDS. The experimental system
delivers vibrationally hot and rotationally cold high-resolution infrared spectroscopic reference
data that will help planetologists to detect new molecules and reconstruct the vertical structure
of the atmosphere of exoplanets.

In chapter Il, the development and the operation of SMAUG is presented. Chapter llI
reveals the recorded non-LTE methane spectral data presenting transitions arriving up to the
triacontad and presumably to the tetracontad polyad. The following chapter IV describes the
novel post-shock CRDS technique that has been recently developed to deliver the rovibrational
spectrum of high-temperature methane. Finally, chapter V exhibits a completely different,
under-development approach using a high-temperature plasma plume generated by the
“Platypus” source to overcome various limitations of the base SMAUG setup.

Figure 1.7: SMAUG experimental setup®
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SMAUG experimental setup and its operation

“Experientia est optima rerum magistra”®

DANS CETTE MACHINE, JINJECTE TOUR A TOUR CHAQUE HYDROCARBURE POUR LE CHAUFFER A LA MEME TEMPERATURE QUE
CELLE DE L'ATMOSPHERE DES EXOPLANETES.

De CETTE FACON, e PEux

REPRODUIRE  LE NiVEAV DE
VIBRATION €r De RoTAT(ON
DeS MOLECULES.

CE GAZ, €N €TAT DE FORTE
EXCITATION MoLECULAIRE,
PASSE ENSUITE DANS UNE
AUTRE Pi€CE DE LA MACHINE.

SA STRUCTURE, QUi RESSEMBLE AU POT
D'ECHAPPEMENT DES FUSEES, PERMET DE
BLOQUER INSTANTANEMENT LA ROTATION DES
MOLECULES EN LES PROJETANT A DES VITESSES
SUPERSONIQUES DE PLUS DE 15 000 km/h.

% Experience is the best teacher in all things?
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2.1 Hypersonic flows

Studying physics at a molecular level in a flow requires a precise characterisation and
understanding of the flow properties. In order to have an accurate description of the flow,
certain assumptions and clear definitions of the terms to be used are required. The following
paragraphs lay out the framework essential to this thesis work.

2.1.1 Knudsen number

In order to investigate the properties of matter a simplification must be introduced. Namely,
the concept of the continuum flows whose evolution are described by an average behaviour of
molecules instead of describing each molecule as an individual. At the same time, it is vital to
ensure that this assumption is correct to apply. The Knudsen number is a dimensionless value,
giving information of the ratio between the mean free path (A1) and the respective physical
length scale (L) and therefore characterising the different flow regimes as continuum flow (Kn
< 0.01), slip flow (0.01< Kn < 0.1), nearly free molecular flow (0.1 < Kn < 10) and free molecular
flow (1 < Kn).

The mean free path of the molecules could be delivered from the following equation (2.1):

PR X) 2.1
V2 md?p '
where, k, — Boltzmann constant, T —temperature, d — particle hard-shell diameter (dcys = 380
pm) and p — pressure. In case of methane in the hypersonic jet (T = 39 K) the mean free path
is A =1.2x10°® m. And considering the nozzle exit (@d = 24 mm) as respective physical length
scale the Knudsen number can be delivered:

Kn= - 2.2

and with its value Kn = 5.2x107 is way below the 102 which is considered as the upper limit for
the continuum flow regime. Throughout this thesis, the studied flows are in the continuum flow
regime.

2.1.2 Mach number
The Mach number (M) is a dimensionless variable defined by the ratio of the local flow speed
(v) to the local sound speed (a):

and it categorises the different regimes of the flow. The denominator refers to the speed of
transmission of small pressure disturbances, so called sound waves, along the medium.? It is
important to underline that, in the case on an ideal gas, this local variable depends only on the
fluid temperature (T) and its specific heat ratio (y):

a=,yrT 2.4
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where r stands for the universal gas constant (R) weighted by the molar mass (M) of the
atom/molecule (r = R/M). In case of Mach number smaller than unity, the flow is called
subsonic flow and in practice it means that the propagation of the sound waves is much faster
than the fluid particles. This works as a signalling mechanism and therefore the flow can adjust
itself instantaneously and in advance before reaching a body. This also implies that no violent
and sudden changes could happen to the flow. At Mach number equals to one, it is called a
sonic flow and once the Mach number is superior to one, the flow is termed supersonic or
hypersonic, as Mach number reaches above five. In these last two cases, the upstream of the
flow with respect to a given point remains unresponsive to any changes in the flow at that given
point. The fluid particles propagate faster than the sound waves, consequently they have no
perception of a body ahead and this conducts to the formation of a shock wave where brusque
changes happen to the flow variables: temperature, pressure, density and velocity. Chapter IV
of this thesis discusses this phenomenon in details.

From a different point of view, the Mach number can be considered as a ratio between
the kinetic energy (characterizable by the velocity (v) of the gas) and the thermal energy of the
gas (as the sound speed (a) depends on temperature). Thus, a flow accelerating adiabatically
may reach extremely low temperatures associated with very high Mach numbers (T —
0K, M — o).

2.1.3 Compressibility

Although all fluids are compressible, that is, by increasing the pressure its density also increases,
from a practical point of view these changes in density are sometimes overlooked. A flow is
considered incompressible as long as the volumetric flow rate is constant at any cross-section
(A): Q = A.v and its density-change can be treated as negligible. This is true for liquids and
low-speed gas flows around Mach number smaller than 0.3. Conversely, a flow is considered
compressible when its density changes with changes in flow velocity. In such a case, only the
mass flow rate remains constant at any cross-section: m = p. A.v. Throughout this thesis the
flows will be considered as compressible-flows since we are dealing with high speed hypersonic
flows.

2.1.4 Viscosity

Despite the fact that there are no flows with zero viscosity, meaning that internal friction
between the flow layers is always present, for pragmatic reasons the flow regions are often
treated as inviscid ones. In this hypothesis, the shear forces are neglected to greatly simplify
the calculations and to obtain preliminary results of the development of the flow field. In this
scenario, the simplified Euler equations can be used which do not include the physical energy
dissipations, these equations will be presented in the next paragraph. Later, the viscous
calculation can deliver the exhaustive flow field characterisation.

The applied viscosity law? is named after the Australian physicist, William Sutherland, who
described the relationship between the dynamic viscosity (u) and the static temperature (7) in
a kinetic theory of the ideal gases:
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where, C;and C, are empirically-derived coefficients.

2.1.5 Isentropic expansion and ideal gas

This thesis concerns the study of isentropic processes which assumes, on one hand, that no
heat is added or taken away of the system throughout an expansion, in other words it is an
adiabatic expansion (no entropy exchanged with the surroundings). On the other hand, the
whole process is considered to be reversible. The latter suggests that the process could be
reversed without leaving a trace on the system or the surroundings. This assumption can be
made since there is no source of irreversibility through the expansion; there are no chemical
reactions, nor molecular dissociations, moreover viscosity effects and thermal diffusion are
negligible. Furthermore, all along the studies the gases are considered ideal, implying that
neither the heat capacity at constant pressure:

() = const 26
Cp = | == = cons .
»=\aT/,

Where h — enthalpy. Nor the heat capacity at constant volume (c,) depends on temperature:

ou
Cy = (ﬁ>v = const 2.7

Where u — internal energy. Therefore, any changes in the enthalpy and state of the gas can be
described by the following equations:

h = c,T (+const) 2.8

P—yr 2.9
p

where p — pressure; pvolumetric mass density; r — gas constant of the considered
atom/molecule and T —temperature. The flow region neighbouring the nozzle wall is handled
separately, the concept of the boundary layer will be introduced, which deals with thermal
conduction and viscous effects.

2.1.6 Governing equations

Two different approaches exist to describe the kinematic motion of the flow.** In the
Lagrangian specification of the flow field, or material viewpoint, the fluid particle is being
surveyed at each point in order to determinate its properties. Conversely, the Eulerian
specification, or spatial approach, expresses the flow properties at specific locations in the
space through which the fluid flows as time passes. As mentioned above, they do not present
any viscous effect on the fluid, nor do they describe the possible thermal conductivity. All things
considered, the Eulerian approach is more convenient in this current study as exact boundary
conditions can be applied on the system, and a fixed volume can be analysed in a Cartesian
coordinate system.
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2.1.6.1 Eulerian equations for compressible flows
The following hyperbolic equations describe an inviscid flow and represent the laws of
conservation:

Mass conservation:

L 4+7-(pv) =0 2.10
Momentum conservation:
2Lp+pw-T)v=—-Vp+pg 2.11
Energy conservation:
p%+pv-l7e=l7(pv)+pg-v 2.12

where p — volumetric mass density; g — gravitational acceleration; e — energy per unit volume
and bold letters represent vectoral quantities. Nevertheless, multiple simplifying assumptions
can be introduced to describe the system under study in this thesis, namely, the flow through
a nozzle.

To begin with, it operates in a steady state regime, implying that no changes happen
over time in the flow characteristics and therefore the flow can be regarded as a stationary
flow eliminating all the time dependent elements of the equations. This requires a non-
turbulent, or laminar, flow. Another key point is the priming assumption of an isentropic core
in the expansion of the Laval nozzle. This can be done with attention to the fact that the thermal
diffusion-time from the nozzle wall into the isentropic core is much higher than the
characteristic time of the flow. In practice, by the time the heat of the nozzle wall would diffuse
into the gas, this latter one could be found already in the pumping system. Lastly, as it is
detailed in the following chapter, one of the conditions to develop a supersonic expansion is
the presence of overpressure at the input part of the nozzle with respect to the exit pressure.
Once the supersonic expansion is established along the z-axis, the axial velocity is much greater
than the radial one. Consequently, for the preliminary studies the following rationalised uni-
directional equations can be used:

d(pv.
M =0 213
dz
d(v,) dp
PV, dz = —E 2.14
W Ve = —p L 2.15
p(v e=-—p e .
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2.2 Laval nozzle design

The convergent-divergent nozzle that creates a supersonic flow is named a de Laval (commonly
just Laval) nozzle to honour the Swedish inventor Carl G. P. de Laval who used this configuration
for the first time in a steam turbine application in 1888.° Through the twentieth century
numerous different scientific fields, without this list being exhaustive, put into application this
instrument to study fundamental physics’ and chemistry®™3, to experimentally verify
spectroscopic data bases'*22 and to send rockets into space?3.

The instrument is designed to convert the initial total energy of a fluid at rest into kinetic
energy. Under adiabatic circumstances, when there is no external heat transfer, the first law of
thermodynamics leads to the energy equation (Saint-Venant’s equation):

2

v
h + - = hy = const 2.16

where the specific static enthalpy (h) is the sum of the internal energy (u) and the flow work:

h=u+B 2.17
p

The enthalpy takes into account the work of the external pressure forces responsible for setting
the fluid in motion. The “total” or “stagnation” enthalpy hy is the fraction of thermal energy of
the gas which can be transformed into kinetic energy.

For an ideal gas, equation 2.16 becomes

2

v
cp.T+7= cp-To 2.18

The second law of thermodynamics gives the change of the system’s entropy (ds) when a
supplementary amount of heat (dq,.,) is added reversibly to the system at a certain system
temperature (7):

qu‘eU
ds = 2.19
STT
For an ideal gas, equation 2.19 becomes
dT dp
ds = ¢cp——1r— 2.20
T P

Keeping in mind that the medium is an ideal gas and additionally the expansion is an isentropic
process, meaning ds = 0, the equation (2.20) can be written up to highlight the origin of the
evaluation of thermal properties summed up by Poisson’s equations:

T.
0= cp.ln (T_j> —r.ln (%) 2.21
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4
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Combining equation (2.3), (2.4) and (2.19) derives the relation between the total temperature
(T,) to the static temperature at a given point of the isentropic flow as a function of the local
Mach number at that point:

Ty y—1

1+——M>? 2.23
T * 2

as well as the relation between the total pressure (py) and the static pressure at a given point
of the isentropic flow:

Y
-1 71
% - (1 + TMZ)V 2.24

And also, the ratio between the total (pg) and statistic densities:

1

—1 I
%: (1+55=m2) 2.25

These relationships allow the calculation of the flow properties at a given point of the expansion
by solely knowing the local Mach number and the total or, in other words, stagnation values of
the variables.

2.2.1 Nozzle profile calculation

In a Laval nozzle, the flow at the throat is sonic, in other words the Mach number is equal to
unity. In this case, by respecting the continuity equation and considering that at sonic state the
velocity of the gas at the throat is equal to the local sound speed, equations (2.26) and (2.27)
can be delivered for the flow passed through the throat:

Pth-Ven-An = p.v. A 2.26

A _ Pth-Ath _ Pth-A¢h- Po

— 2.27
Ay pv p-V.Po

where p, refers to the stagnation density that remains constant all across the isentropic core.
Taking equation (2.25) and applying it to the throat, where sonic conditions apply, the following
relation can be retrieved:

1
Po (y + 1>ﬁ
— =(— 2.28
Pth 2

And lastly, by combining equation (2.25), with (2.28) and (2.3) the Area-Mach number relation
is extracted:

N
() = () (@) () = (&0 50m))

Interestingly, this equation shows that the Mach number of the expansion at any point in the
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flow is only a function of the ratio of the cross-section (A) of the duct and the sonic throat (A:).
This equation explains the need of a divergent part of the nozzle in order to accelerate the gas
at high Mach numbers and demonstrates that the exit flow variables such as Mach number
(M,), pressure (pe), temperature (Te) and density (pe) rely solely upon the exit to throat area ratio

(Ae/Atn).

[}

= T ””””””””””””””””””” =%

T() Mth =1 Pe

M<1 A,
M>1

Figure 2.1: Schematic representation of a Laval nozzle indicating the important parameters of the key areas.

Once the desired Mach number and the corresponding area ratio are established, there
is only one criterion left to be fulfilled in order to generate the supersonic flow. Namely, an
adequate pressure gradient has to be applied along the nozzle in order to accelerate the gas
flow. Notably, the exit pressure (pe) must be maintained lower than the inlet pressure (po). For
a diatomic gas (y = 7/5), Equation (2.24) predicts a maximum of pw/po=0.528 throat to inlet
pressure ratio in order to reach the sonic level at the throat and subsequently, a pe/pin < 1 is
required for further acceleration of the flow.

To produce a uniform and unidirectional flow downstream of the nozzle exit, a special
contoured nozzle profile has to be designed that takes into account not only the area ratio but
the shape of the nozzle wall as well. Concurrently, this approach allows control of the gradients
of the various flow variables, to overcome the troublesome formation of shock waves in the
nozzle divergent section or at the nozzle exit. The gradients of the flow variables are responsible
for the disruption of the expansion downstream of the nozzle; therefore, the concept of
optimised Laval contoured nozzles was introduced. Scientists confronted these challenges with
different approaches. In the late 60’s, Rao%* created a method based on the concept of
characteristic lines for designing the wall contour. The goal was to obtain the maximum thrust
possible by setting the back pressure to zero. Allman and Hoffman?> studied three direct
optimisation methods, namely: i) the multidimensional line search, ii) the method of steepest
descent and iii) the Newton’s method, in order to compare the thrusts developed by the
differently obtained nozzle contours. The method of characteristics deconstructed into three
steps was used by Atkinson and Smith.?® Firstly, the convergent section is designed up to the
throat. The convergent profile is believed to be less critical as no shock waves can form in this
subsonic part of the flow. Secondly, the isentropic core is treated within the divergent
supersonic section that is divided into three regions from upstream to downstream. They start
with a rapid acceleration, followed by a region where the flow behaves as a source flow. This
represents a region where the streamlines are linear and radiate out from a source point. The
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third region is where the flow is accelerated to the final Mach number, meanwhile the
expansion waves are eliminated. In last step in this method, the contour is modified so as to
consider the peripheral boundary layer due to viscous effects and the heat transfer originating
from friction with the nozzle wall. The importance of matching the exit jet pressure with the
expansion chamber pressure is pointed out by Lemos et al.?’ in order to ensure a good length
(at least several nozzle exit diameters) of uniform flow downstream the nozzle exit.

The design of a mini graphite Laval nozzle was decided to improve the original non-LTE
experiment developed at the Institut de Physique de Rennes.?> The objective was to overcome
the drawbacks inherent to free-jet expansions*, especially the strong convective Doppler line
broadening, a consequence of the considerable radial velocity component of the molecules in
the jet. Likewise, this new apparatus was planned to reduce the extreme temperature and
density gradients specific to free-jets.?®%°

2.2.1.1 Profile calculation

The calculation and optimisation of the nozzle contours was carried out through a collaboration
with Professor Vinayak and his group at the Indian Institute of Technology Guwahati by using
the gradient based steepest descent method.3° Briefly, the procedure iterates in the direction
of the negative gradient to approximate the minimum of a function, in our case the overall
radial velocity (v,-) component at the nozzle exit. This objective would imply a uniform flow —
that is to say non divergent and characterized by a constant Mach number — downstream of
the nozzle outlet as the jet is free from any radial component.

The design process was accomplished in two steps. To begin with, the viscous effects
were neglected, in essence the mechanical boundary layer forming between the isentropic core
and the wall were simply ignored and the thermal exchange between the isentropic core and
the wall were disregarded. The solution was computed using Euler’s equations and resulted in
a preliminary contour.

Next, as a second step, the effects of the boundary layer on the obtained contour were
investigated by the means of Computational Fluid Dynamics (CFD) simulations where the
Navier-Stokes equations take into account the viscous effects. This was needed to examine the
disturbance to the core caused by the flow layers neighbouring the wall.

At the beginning of the process, the input parameters, such as the general dimensions of the
nozzle as well as the operating conditions, were declared:

Length (L): 30 mm
Throat radius (Rt): 1 mm
Exit Radius (Re) 12 mm
Stagnation temperature (7o) 1300 K
Mach number at nozzle exit 9.325

*“Free-jet” is widely used to denote a supersonic jet exiting a sharp-edged orifice where the gas velocity is sonic
and its pressure is far greater than the vacuum chamber pressure. This is the reason why a “free-jet” is also
called an under-expanded sonic jet. Note that the gas leaving the Laval nozzle is formally a free-jet. In this
manuscript, we reserve the term "free-jet" for flows exiting a sharp-edge sonic orifice, widely used for
spectroscopic purposes.
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Then, a conical nozzle was discretised by 100 points as shown in figure (2.2) and the local area
was calculated at each point:

A; = my? 2.30

which allowed the calculation of the local Mach number at every x;slice of the jet. As stated
above, equation (2.23) delivers the local temperatures at x; and these two flow field variables
combined with equations (2.3) and (2.4) provide the local velocity (v).

a b

throat

{Ry Xi nozzle axis
Tth ] & Tl, L
p\h pc

Figure 2.2: Profile design. Panel (a): Initial contour of the nozzle with the input parameters, panel (b) obtained Bezier 15 profile
contour

It is important to keep in mind that this velocity is composed of two components: the axial
velocity (v,) parallel to the nozzle axis and the radial velocity (v;.) perpendicular to the nozzle
axis, and that their ratio is evaluated from the slope of the tangent. Accordingly, in the first
iteration step, it could be simply considered the joining line between the throat and the exit.

This preliminary obtained nozzle contour then went under viscous CFD simulations,
assuming compressible-flow and using the axisymmetric laminar Navier-Stokes equations and
the total energy equations to compute the flow variables: temperature, pressure, density, etc.
It must be remembered, these simulations presume the medium, argon, to be an ideal gas. The
ANSYS® Fluent commercial solver was used to carry out the simulations, and the viscous effects
were treated with the two-term Sutherland’s law3, with the solutions considered to be
converged at 10°. The major concern was whether the flow is significantly disturbed by the
developing shear layers, the existence of which was neglected through the calculation of the
nozzle contour. Figure (2.3) panel (a) shows that the flow is non-uniform as the boundary layer
compresses the flow towards the nozzle axis and an undesired oblique shockwave forms at the
divergent part of the nozzle. The zero radial velocity component imposed at the nozzle exit
seems to be a too severe constraint and the viscous simulations underline the necessity to
include the inevitable shear layer effects.

Therefore, the radial velocity component at the nozzle exit was modified and a limit of
1.5 % of the total exit velocity (v) as radial velocity was set as new target function in the

67



Chapter SMAUG experimental setup and its operation

optimisation process. Hence, the newly obtained “Bezier 15” contour was tested again by
means of CFD simulations and the stimulating results with the elimination of the oblique
shockwave is displayed in panel (b) of figure (2.3).

Mach number a| Mach number b C
9.8 15

7.84

1.96

Throat @ 2 mm

136 0.981

Figure 2.3: Design of an optimised Laval contoured nozzle. Panel (a): CFD simulated Mach number of the preliminary contour
obtained by neglecting the viscous effects and by imposing a zero radial exit velocity. Panel (b): CFD simulated Mach number of
“Bezier 15” contour leading to a small radial exit velocity. Panel (c): 3D sectional view of the designed Laval graphite nozzle®

Ultimately, the obtained nozzle contour was manufactured inhouse from isostatic
graphite (R6710 grade) which is able withstanding high temperatures. As panel (c) of figure
(2.3) shows, the outer side of the convergent part embodies an outer thread which was
fabricated in order to allow the proper connection with the High Enthalpy Source (HES),
detailed in the following chapter. Finally, figure (2.4) shows the scale of the designed mini
graphite Laval nozzle.

Figure 2.4: Manufactured small dimensional, optimised Laval contoured nozzle (Photo credits: Julien Le Bonheur)

2.2.2 CFD simulations and flow field analysis

Prior to the experimental use of the freshly developed Laval nozzle its performance was
investigated and verified by axisymmetric CFD simulations, once again using ANSYS Fluent. The
numerical simulation envisages to deliver the first insights of the characteristics of the flow
field. For the purpose of finding the most adequate region to carry out spectroscopic
measurements, the gas flow from the HES to the expansion chamber was simulated at the
intended operational conditions, notably a 1300 K reservoir temperature coupled with a 1100

68



Chapter SMAUG experimental setup and its operation

Torr stagnation pressure and an ambient expansion chamber temperature associated with a
0.5 Torr backing pressure. Figure (2.5) demonstrates the simulated temperature flow field
downstream of the nozzle exit, and highlights the evolution of the temperature and Mach
number along the nozzle axis. The isentropic core of the jet is represented with navy blue and
exhibits a remarkably low temperature. This core is surrounded by a hot shear-layer reaching
several hundred kelvins. Furthermore, the simulation reveals the occurrence of an oblique
shockwave over 60 mm downstream of the nozzle exit, testifying to a quasi-unidirectional flow
for over three nozzle exit diameters.

For pragmatic purposes, spectroscopic measurements have to be positioned between
the nozzle exit and the formation of the shockwave which induces both recompression and
warming of the flow. Moreover, it is crucial to probe the region which has the highest isentropic
core/shear-layer ratio with preferably a very low core temperature, therefore a position 20 mm
downstream of the nozzle exit was selected. As the lower panels display, the Mach number
keeps increasing monotonically from 10 to 18.3 through the expansion. This increase is a direct
consequence of the low radial velocity component imposed at the nozzle outlet, causing a slight
expansion of the gas. Due to the conservation of the energy, the temperature changes inversely
to the Mach number and continuously decreases from 34 K at the nozzle exit down to the
remarkably low value of 11.5 K, right before the regular intersection of the oblique shockwaves.
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Figure 2.5: CFD simulations of the temperature flow field downstream of nozzle exit (upper panel), evolution of the
temperature along the nozzle axis (middle panel) and the corresponding Mach number along the axis.

A leading concern for designing and inserting a Laval nozzle into the SMAUG
experimental system was the desire to reduce the radial velocity, pressure, density and
temperature gradients. All these factors contribute to problematic line profiles, the so-called
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“Batman line shapes”.?® To determine the performance of the nozzle in these latter aspects,
the flow field was investigated 20 mm downstream of the nozzle exit in a radial direction and
the results are presented in figure (2.6).
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Figure 2.6: Cross-section investigation of the flow field 20 mm downstream of the nozzle exit. Left panels: CFD simulations
carried out at a fixed stagnation pressure of 1100 Torr, along with an expansion chamber maintained at ambient temperature
and at 0.5 Torr. Right panels: zoom into the isentropic core for different reservoir temperatures. Panels (a) — (b): temperature,
panels (c) — (d): pressure, panels (e) and (f): density, panel (g) compares normalised radial temperature (green), pressure (red)
and molecular density (blue) values. Panel (h): evolution of the two velocity components from nozzle axis through the isentropic
core.
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To begin with, panel (a) exhibits the temperature field from which two distinct flow
regions can be clearly seen, namely the cold isentropic core and the surrounding hot shear-
layers. Panel (b) confirms that the core is indeed free of temperature gradients for over 5 mm
from the nozzle axis. Excitingly, panel (b) also unveils that the radial uniformity of the core
temperature is maintained, regardless the stagnation temperature of the reservoir.
Consequently, the designed nozzle can be tuned to different jet temperatures by merely
changing the reservoir temperature.

Afterwards, the unexpectedly low pressure is presented in panel (c). We expected a jet pressure
very close to the residual gas pressure of the vacuum chamber, about 0.5 Torr, while the
simulations lead to a static pressure about 10 times lower. In fact, the slight radial velocity,
1.5% of the overall exit flow velocity, that was introduced to eliminate the inner shockwave in
the nozzle’s divergent part, causes the fall of the core’s static pressure to 0.05 Torr, an order of
magnitude smaller than the expansion chamber pressure. Unlike the variation of the jet
temperature, the jet static pressure remains the same, independently of the reservoir
temperature, as the stagnation pressure was systematically maintained at 1100 Torr through
all the simulations.

Essentially, a direct consequence of the stagnation pressure set at 1100 Torr regardless of the
stagnation temperature, is that the static pressure of the core is set at around 0.05 Torr.
Therefore, in accordance with the ideal gas law, a lower jet temperature results in a higher
concentration of molecules (see panel (f)). Moreover, panel (e) reveals an important
augmentation of the jet density in the shear layer. The disadvantage of a dense shear layer is
that the CRDS probes the jet along a line of sight and for this reason both flow regions
contribute to the integrated absorption spectrum. In summary, for the non-LTE spectroscopic
approach, the essential information lies in the isentropic core and the hot gas contribution of
the shear layer is rather unwanted. Paragraph (2.2.3) discusses this in detail. Fortunately, after
examining the peaks of normalised values of temperature and density, presented in panel (g),
a shift of several millimetres can be seen. It is clear that a significant part of the density still
corresponds to the cold flow region and therefore will provide a valuable contribution.

Lastly, the examination of the two velocity components are displayed in panel (h). A minor
increase of the radial velocity component along the radius can be marked with a maximum
value of 130 m.s* which is still an order of magnitude smaller than the axial velocity component
(1230 m.s1). As a matter of fact, looking at the relation (2.31) describing the Doppler FWHM
induced by such a radial velocity (v,.) the line broadening is estimated to be 0.0026 cm™ which
corresponds to a Doppler line broadening of static methane maintained at 6 K:

v

Urwhm = @ 2.31

where 7 — is wavenumber, currently centred at 5885 cm™ and ¢ — is the speed of light.

2.2.3 Isentropic core vs shear-layer
Another key point of the performance of the nozzle is the ratio of the contributions of the
different flow regions into the integrated absorption spectrum, as was mentioned above. Thus,
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as highlighted in figure (2.7) the respective absorption contribution of the isentropic core (blue)
and the surrounding shear layers (pink) were studied through a simulation of the infrared
absorption of CO by a numerical procedure, described in detail by Suas-David et al.®®
Unfortunately, the results shown in panel (a) predict a considerable unwanted hot gas
contribution. Despite this, the experimental results in panel (b) show that this contribution is
overestimated by nearly a factor of 2.5. The difference is striking when comparing the line
intensities for the higher J level transitions (R6 and R7) which are composed mainly by the
contribution of the shear-layers.
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Figure 2.7: Isentropic core and shear-layers contribution to the integrated absorption spectral lines along a line of sight. Panel
(a): simulated IR spectra of CO cold band rovibrational absorption lines. Panel (b): experimental lines resulting from the
combined contribution of the different flow regions.

Regarding the recorded spectrum, it can be pleasantly seen that there is no sign of the
“Batman-shape” (see figure (2.8), reproduced from Ref. 28). The bothersome convective
Doppler line broadening of the axisymmetric free-jet was successfully eliminated using the
Laval nozzle.
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Fig. 5. Comparison of simulated and experimental lines at X3.

Figure 2.8: Representation of the so-called Batman shape lines occurring in the free-jet expansions??

2.2.4 2D Pitot probe

2.2.4.1 Implantation into the experimental environment

Succeeding the numerical characterisation of the generated flow field, the jet was
experimentally investigated by Pitot pressure measurements. A Pitot probe3!, marked in figure
2.9 (1), a metal tube with a small orifice equipped with a pressure gauge, was inserted parallel
to the nozzle axis, downstream of the nozzle. Afterwards, a two-dimensional impact pressure
mapping procedure was carried out by pulling backwards and moving up and down the
reservoir (3) with respect to the fixed Laval nozzle. Between two measuring steps, a
proportional-integral—derivative (PID) controller decides whether the measured impact
pressure is steady-state and only thereafter proceeds to the next measuring position.
Beneficially, the measured data excludes any false values of a non-equilibrated pressure within
the small diameter of the probe.

2\<
N

@, P:

Figure 2.9: Installation of the 2D Pitot probe downstream of the nozzle (schematic reconstruction of the experimental system is
taken from the thesis of Suas-David?8). 1 — fixed Pitot probe, 2 —impact shockwave, 3 — movable reservoir.

Presuming an isentropic jet and knowing the initial stagnation pressure (pio) at the
reservoir and then measuring the impact pressure (p;2) the Mach number can be retrieved. As
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has been demonstrated in the previous paragraphs, once the Mach number and the initial
conditions are known every flow variable is derivable.

At first, let us consider an incompressible flow where the flow velocity (v) can be obtained
directly from the Bernoulli equation:

2
V= |— P4 2.32
p

where pg = pt — P, the dynamic pressure (pq) is the difference of total pressure (p¢) and the
static (ps). Nevertheless, as it is stated previously, our case is a compressible flow and therefore
the equation (2.32) has to be rewritten in a form that considers a variable density as well:

y—1

v=|2c,T (1 - (%) v ) 2.33
t

Furthermore, the supersonic flow is severely disturbed once the Pitot probe (1) is introduced.
To sum up, the formation of a detached normal shockwave (2) in front of the orifice of the
metal tube makes the direct application of equation (2.33) invalid. Thus, the effects of the
shockwave must be taken into account and incorporated into the calculation. The static
pressures upstream (pz) and downstream (p2) of the bow shock forming in front of the Pitot
probe are linked by the Rankine-Hugoniot relations.?? The ratio p,/p; can be written up in
function of the much sought-after Mach number M; of the flow:
P2 _ 2y , v—1

=— i 2.34
it v+1 1 y+1

while the ratio p;,/p, of the measured impact pressure and the pressure downstream of the
shock is described by the isentropic equation (2.22), as is the ratio p;o/p, of the stagnation
pressure and the actual static pressure of the jet upstream of the generated shockwave. Finally,
the relation between the measured impact pressure (pi2) and the stagnation pressure is
retrieved from

P2 _Paz P2 P1

= 2.35
Pio P2 P1 Pio

Then, substituting equation (2.35) by (2.24) and (2.34) the Rayleigh pitot-tube formula is
introduced?3:
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In conclusion, the above demonstrated measurement process provides the local Mach number
(M), and thus the flow variables T, v and p, of the flow field at each measured point.

To obtain a good resolution for the mapping process a one-millimetre step size was
taken along the nozzle axis as well as along the radial direction. It is important to realise that
the above described relationships are only true for isentropic flows, forthwith, once the probe
reaches the shear-layer the measured impact pressure will not be useful to derive the Mach
number. Because of this, once the probe leaves the core of the hypersonic jet, it measures the
only pressure of the expansion chamber (Tc, = 0.5 Torr) resulting in a misleadingly high Mach
number. Therefore, emphasizing the dimensions of the isentropic core obtained by the
numerical calculation, the reservoir is elevated only 22 millimetres in radial direction away from
the probe’s axis.

To avoid systematic measurement errors several principals must be respected. In the first place,
even a little deviation of the alignment among the jet streamline and the Pitot tube axis could
cause major mistake. An incorrect angle of attack results in a drop in the measured impact
pressure, which is derived from the velocity, because the probe only responds to the axial
velocity component. Equally important is the geometry of the probe head. An adequate shape
would be an aerodynamically rounded curve connecting the inner diameter tube wall with the
outer diameter external wall one in order to reduce the induced perturbance to the flow.
Despite the fact that this is not the case in our experimental setup, various experimental
investigations34=3’ confirm that as long as the ratio between the inner and outer diameter of
the probe is kept below or close to 0.6, the measured impact pressure values contain less than
1% error. Our Pitot tube respects these criteria with a slightly bigger 0.7 ratio.

2.2.4.2 Two-dimensional flow variables mapping

The mapping process was carried out in a hypersonic flow of argon with 1290 Torr of stagnation
pressure and a 0.5 Torr backing pressure in the expansion chamber. First of all, the Mach
number of the flow was extracted from the measured data using equation (2.36) and the result
is presented in figure (2.10). It must be remembered that this procedure is only able to deliver
the correct values of the flow variables within the isentropic core and consequently, it could
not be applied to characterise the shear-layer, where non-isentropic dissipative effects are
present.

76



Chapter SMAUG experimental setup and its operation

Mach number

Temperature /K

Pressure /Torr

Radial distance /mm

10 20 30 40 50 60 70 80 90
Axial distance from nozzle exit /mm

Figure 2.10: Mapping of flow variables extracted from a 2D pitot measurement of a hypersonic argon flow from a Laval
nozzle.

The experimentally obtained flow field images are in good agreement with the numerically
simulated ones. For example, the forming shockwaves intersect at the same location (~70 mm
downstream of the nozzle exit, see figure (2.5)) as represented in the direct comparison in
figure (2.11). In addition, the radial uniformity of the jet is confirmed together with the
monotonic increase of the Mach number along the nozzle axis right up the occurrence of the
shockwave. Finally, despite the fact that this method is not suitable for accessing the Mach
number of the shear layer, we can pleasantly notice that shortly after the nozzle exit, the shear-
layer is remarkably thin. Henceforth, the numerically chosen position for the spectroscopic
studies, 20 mm downstream of the nozzle exit, is confirmed to be the appropriate location to
send the laser beam.
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Figure 2.11: Comparison of temperature mapping obtained numerically (upper panel) with the Pitot probe measurement
(lower panel)
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2.3 SMAUG experimental setup

The following section presents the experimental setup and its performance in terms of
rotational and vibrational energy relaxation through a preliminary study carried out with carbon
monoxide. As figure (2.12) schematises, the experimental setup is composed of a heating
element (HES)383° that preheats the gas mixture of the carrier gas (argon) and the IR active
molecules (CO or methane) before its expansion through the above discussed Laval nozzle. The
expansion vacuum chamber is evacuated by a set of roots pumps and eventually the hypersonic

SMAUG experimental setup and its operation

jet is probed transversally by means of cavity ring-down spectroscopy (CRDS).

High reflectivity mirrors

High Enthalpy Source
(HES)

High-temperature
stagnation reservoir

Small dimensional
Laval nozzle

“4— Photodiode
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Hot shear layers

.......> Pumping
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Diode laser probe beam

Figure 2.12: Schematic representation of the SMAUG experimental setup
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Figure 2.13: Picture of SMAUG

As the photo demonstrates, the experimental setup is composed of a 500 mm diameter
stainless steel vacuum chamber that is connected to a pumping system maintaining the setup
under low pressure. On the inside, the HES is fixed on a pair of rails that allow horizontal
displacement towards, and away from, the optical cavity. This motion is carried out by a
computer-controlled servomotor. Moreover, the HES is also placed on two additional
servomotors which allow vertical movement. This double movement allows the complete
optical investigation of the yz flow field plane.

The system is further equipped with two pressure gauges to continuously derive the pressure
values in the HES as well as to report on the expansion chamber conditions. The cavity ring-
down spectrometer (in the left and right grey boxes) is mounted on the outer side of the
vacuum chamber, on two suspended optical tables.

The required 0.5 Torr constant expansion chamber pressure can be regulated by a built-in
butterfly valve (not shown in figure 2.12) capable of adjusting the effective pumping capacity.
A significant pumping capacity is needed to ensure the required flowrate (20 standard liter per
minute (sIm) typically). Accordingly, a pumping system consisting of four separate pumps
delivers around 13500 m3.h"1. This arrangement involves a Busch primary pump (650 m3.h'1),
an Alcaltel roots pump (4000 m3.h'!) and two Ruvac Leybold roots pumps (10000 m3.h't)
connected in parallel.

2.3.1 High enthalpy source

The carrier gas and the IR active molecules were admitted independently into the HES, passing
through individual Bronkhorst and MKS mass flow controllers. This gas mixture must then be
homogenously heated up to the desired high temperature. At the heart of the heating element
a hollow porous graphite rod (3) is maintained in-between two electrodes (2), as presented in
figure (2.14). The graphite (grade R6710) is a fine-grained ISO graphite with an average grain
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size of 3 um and with the ability to withstand high temperature. The in-house manufactured
rod has a characteristic size of 200 mm length and 8 mm inner diameter with the porous wall
of 3 mm width. Along with its good behaviour at high temperature, another essential
characteristic of the material is its electrical resistivity. A resistance value of the graphite rod
between 0.15 and 0.3 Q depending on the temperature, allows, due to the Joule effect, the rod
to reach wall temperatures above 1800 K.

The electrodes are part of a circuit supplied by a current generator. The generator is capable
of delivering a power of 1600 W, with a corresponding electrical current of 120 A. This value
could be extended to 3500 W by dint of a second power supply connected in series, which
delivered an additional voltage of 10 V, leading to a maximum electrical current of 153 A
through the graphite rod.

6-Adapter

/

3-Graphite bar

4-Containment tube

5-Thermal shield
2-Electrodes

Figure 2.14: Schematic view of the High Enthalpy Source with the mounted Laval nozzle. The graphite rod is maintained
between a rear and a front electrode.

The gas flow through the porous wall of the rod is guaranteed by an overpressure in the
tantalum containment tube (4) with respect to the open rod cavity which is directly connected
to the vacuum chamber through the Laval nozzle. The cavity inside the rod is considered to be
the reservoir defining both the stagnation temperature and the stagnation pressure of the
molecules before their penetration into the Laval nozzle (1). Most importantly, during the
migration process through the hot porous wall the molecules have the opportunity to
homogenously reach a high temperature and consequently populate their rotational and
vibrational energy levels in LTE conditions.
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As one could imagine, the heated graphite rod and accordingly the surrounding tantalum
containment tube emit significant radiation. To ensure the safe operation of the system, a
thermal shield is implanted around them, which is in practice a double-walled water-cooled
shield. Finally, the specially-designed graphite Laval nozzle is connected by the already-
mentioned outer thread to the HES.

One advantage of the HES is to guarantee homogenous heating of the gas. It is well
appropriated for studying small hydrocarbons and other highly stable molecules. On the
negative side, the use of graphite for the heating element of the system limits the variety of
molecules that can be studied. Molecules which contain oxygen would lead, for example, to
the destruction by pyrolysis of the graphite rod. Furthermore, due to the axisymmetric design
of the system, the expanded flow has axial symmetry giving rise to several inconveniences that
will be discussed in chapter III.

2.3.2 Cavity Ring-Down Spectrometer

The cavity ring-down spectrometer was developed by Samir Kassi'®> (LIPhy Grenoble) and
implemented to the experimental system by a previous PhD student, Nicolas Suas-David.?
Through the work presented in this thesis, several changes were applied in order to improve
the system.

The principle of the method is based on the use of a linear optical cavity consisting of two very
high reflectivity mirrors facing each other. A continuous single-mode fiber laser injects through
one of the mirrors a pulse of photons into the cavity, the length of which is adjusted in order
to obtain a constructive interference system. A photodiode picks up the intensity of photons
that escape through the second mirror and that decrease exponentially over time. This decay
time (tgp) is directly related to the absorption coefficient (a) of the molecule:

1 (A-R)+al
TrD é
c

2.37

Where, R - reflexivity coefficient (near to 1), L — pathlength traversed by the laser beam.

The decay time is measured sequentially for each wavelength of the laser to obtain the
absorption spectrum of the molecule. In practice, due to the various mechanical vibrations
which disturb the device, it is very difficult to stabilize the length of the optical cavity to make
it resonant for each wavelength of the laser. This is why one of the mirrors is mounted on a
piezoelectric element which makes it vibrate continuously at a frequency of 50 Hz and over a
length equivalent to one wavelength, typically. The decay time is thus measured “on the fly”,
each time the cavity is resonant.

To reduce the impact of the working environment, the optical tables supporting the optical
mounts were removed from their initially fixed-to-the-floor position and mounted to the
vacuum chamber. This solution limits the risk of dealignment originating from the deformation
that occurs during the evacuation of the air from the expansion chamber. Following the same
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path, bellows were implanted in between the high-reflectivity mirrors and the entry of the
cavity. These bellows are designed to dampen the vibrations caused by the pumping unit.

Additionally, for a higher resolution spectroscopic result, a new wavelength meter was
installed. The HighFinesse/Angstrom WS7-60 model is a top-of-the-range instrument with an
absolute accuracy of 0.002 cm™ and a wavelength deviation sensitivity of 0.00006 cm™. Last
but not least, its high acquisition frequency of 1.2 kHz is a real advantage for reducing the
scanning time and hence allowing a larger number of measurement points to be averaged for
a given time period. The laser diode temperature control system has also been improved. They
can now be cooled down to -18°C and heated up to + 60°C with better stability. The
temperature of the diode determines the output wavelength of the laser.

The full description of the optical system can be found in the article by Louviot et al.??> and in
the thesis work of Suas-David?®. Summarily, the high finesse cavity (F > 200 000) of the
spectrometer relies on the two high-reflectivity (>99.9987%, Layertec) mirrors that are
mounted on the specially designed bellows as can be seen in figure (2.12). It is important to
realise that the valuable information lies in the ~10 mm isentropic core diameter of the jet
located in the centre of the 800 mm long optical cavity. Consequently, the laser beam traversing
the experimental system risks to come across a large amount of unwanted absorption due to
the static residual gases filling out the expansion chamber. In order to overcome this downside,
the two metal tubes, that hold the bellows and therefore the mirrors, are extended right up to
either side of the jet. Then, in these tubes a continuous flush of 2 - 4 sIm of nitrogen
(transparent in the IR range) evacuates any residual gases from the path of the laser beam.
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Figure 2.15: Inner view of the expansion chamber. At the back the HES.

The laser light is produced by a series of Distributed Feedback (DFB) diode lasers. These diodes
can emit different wavelengths depending on their temperature. Thereupon, they are placed
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on a custom Proportional Integral Differential (PID) temperature stabilizer that could vary their
temperature from -18 °C to 60 °C and correspondingly covered a bandwidth of ~30 cm™ per
diode. Depending on the manufacturer, a typical optical output of these diodes varies between
5to 20 mW. The laser beam is divided in two parts: 10% of the signal goes into the wavelength
meter and 90% goes toward a radio frequency driven acousto-optic modulator which diffracts
the laser beam into the cavity for each ring-down event.

A single lens and two steering mirrors (not present in figure (2.12)) are placed on the optical
table immediately at the cavity entry. They regulate the injection of the laser beam and focus
it at the isentropic centre of the jet, positioned at the centre of the 800 mm long optical cavity.
To obtain a good signal intensity it was essential to align the system into a TEMgo mode.*°

The exit high-reflectivity mirror is resonated by a piezoelectric transducer at 50 Hz which
modulates the cavity length in order to ensure the resonance with the instantaneous laser
wavelength. The exiting photons are focused via a lens into the photodiode that measures each
ring-down decay time. Subsequently, these events are fitted to an exponential decay curve to
deliver the absorption coefficient. A typical ring-down time of 120 us could be routinely
obtained, which corresponds to an equivalent of 450 m absorption path length when obtained
in ~10 mm isentropic jet core. The ring-down time could be extended up to 200 us (750 m)
when higher reflectivity mirrors were used. These high “equivalent path lengths” are ideal for
probing hypersonic expansions which are characterized by inherently low densities and small
spatial dimensions.

2.3.3 Determination of the reservoir temperature

The reservoir temperature within the graphite rod, in LTE conditions, is a crucial parameter for
carrying out precise and in-depth investigations of the molecules through the expansion, as
shown in the previous equations governing flow variables. The exact knowledge of this variable
would also allow the accurate characterisation of the various relaxation processes, namely the
vibrational and rotational redistribution of the population and its evolution throughout the
expansion.

The simple fact that no ascertained method was delivered for a decade to measure this
temperature attests to the complexity of the task. The challenge stems from the compact and
closed geometry of the HES which is difficult to reach with a temperature probe. Two very
different approaches were attempted, both intended to overcome the above-mentioned
difficulties. In both cases the experimental setup was run with a pure argon flow.

2.3.3.1 Attacking from the back door: thermocouple

In this case, the idea was to reach the cavity of the graphite rod from the back side of the HES.
The path is detailed in figure (2.16) highlighting the numerous connections required to ensure
the sealing of the different pressure volumes. The advantage of this arrangement is that it does
not disturb the development of the hypersonic jet, therefore, in theory, real-time temperature
values could be measured continuously along with the recording of the absorption spectrum.

The chosen type-B thermocouple maintains a high accuracy and stability in the 600 — 1700 °C
temperature region but is very expensive as it is made from 6% rhodium/platinum on the
positive side and 30% rhodium/platinum on the negative side. To reduce the costs, only the
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first 170 mm that is inside the graphite rod was bought from this material and the rest of the
chain was built from cheaper copper. It was possible as only the part entering the graphite rod
faces extreme temperatures and the rest is at ambient conditions. Nonetheless, this eliminates
the possibility of the direct use of the thermocouple and requires preliminary calibration for
accurate results.

Electrical feedthroughs Thermocouple type-B
i

/

Sl u
/| ,/Iif/ \ HES

: / P, ~ 1100 Torr
R/

<V

Connectors Electrode

Expansion chamber
P~ 0.5 Torr

Atmospheric pressure
pa =760 Torr

Figure 2.16: Insertion of the Type-B thermocouple into the experimental system

Another key point is the passage of the thermocouple through the rear copper electrode and
the small hole drilled in the rear part of the graphite rod. First of all, this passage has to be
sealed to ensure that no cold gas could enter into the hollow of the rod, bypassing the porous
wall. Secondly, the thermocouple has to be electrically isolated from the heating electrode and
the graphite rod. For these reasons, the electrode of the thermocouple was surrounded by a
ceramic protective sleeve (DEGUSSIT AL23).

Once the thermocouple chain was constructed, it was placed in an oven next to an etalon
thermocouple and heated up to 1600 °C in 50-degree steps. The calibration curve obtained is
presented in figure (2.17):
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Figure 2.17: Calibration curve of the thermocouple chain

Subsequently, the thermocouple chain was placed into the experimental system and the HES
switched on. Figure (2.18) demonstrates two heating processes and the fatal error that
occurred at around 500 K in both cases. Supposedly, the increase of the temperature in the
graphite rod is associated with an increase of both current and voltage and the appearing spikes
on the temperature curve are believed to be a result of electrical discharge between the
graphite rod and the head of the thermocouple. After several runs resulting in this critical error,
this approach was abandoned.
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Figure 2.18: Real-time temperature curve measured in the hollow of the graphite rod and the appearance of the peaks
corresponding to the electric discharge
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Although this setup did not deliver the needed results, as a last attempt the thermocouple chain
was inserted into the HES from the expansion side to at least recording some indication of the
operation conditions. This approach could not be carried out in real time with spectroscopic
measurements, but it could nonetheless give an indicative temperature for notable heating
conditions, agreeing with the usual flow rates.

To execute this investigation, the nozzle was dismounted and a graphite cap with two holes
was installed in its place. A hole of @2 mm demonstrates the role of the throat of the nozzle
and a second hole of @1 mm allows the thermocouple to enter the cavity and hold it firmly.
This setup has the advantage that it reduces the length of the thermocouple chain as it
eliminates the passage from the expansion chamber to the HES and furthermore, the
thermocouple could be fixed more steadily, ensuring that it would not touch the wall of the
graphite rod. Figure (2.19) represents the recorded temperature values for the different
operating conditions. A maximum temperature of 1763 K was obtained for 10 slm of argon and
a current of 108 A. Although not measured, a higher temperature can certainly be reached
since the generator is able to deliver an intensity which can exceed 150 A.
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Figure 2.19: Reservoir temperature as a function of supply current for different argon flow rates

2.3.3.2 Attacking from the front door: pyrometer

Whereas the previously discussed thermocouple approach delivered some insight of the
reservoir temperature, the main goal, the attempt to deliver continuous temperature values in
real-time during spectroscopic measurements failed.

Thereupon, a completely different approach was attempted by inserting an optical
pyrometer into the system. The Impac® IGA 6 Advanced pyrometer provides non-contact,
short-wave infrared temperature measurement in the range of 600 to 3000 °C. Unfortunately,
the apparatus could not be inserted within the low-pressure expansion chamber as its
operating environment is ambient temperature and pressure. On the bright side, the infrared
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radiation side, the radiation received by the pyrometer can be manually focused over a distance
of 210 to 5000 mm, which allows us to build an optical path originating from outside the
expansion chamber to the front of the hot reservoir. The device manual prescribes an accurate
measuring distance for a given measured spot size, which is the throat area in our case. Thus,
the pyrometer should not be more than 688 mm away from the 2 mm diameter nozzle throat.
It was decided to mount the pyrometer on a flange located on top of the vacuum chamber (see
figure (2.20)). A 45° plane mirror collects and directs the infrared radiation emitted by the
graphite rod towards the pyrometer. The mirror is placed in a housing which protects it from
the hot flow expanding out from the nozzle. Unfortunately, the placement of the deflecting
mirror and its protector blocks the path of the CRDS laser light, meaning no real-time
temperature value could be delivered. Nevertheless, this setup was considered adequate for a
preliminary enquiry.

pyrometer

CaF, window

adjusting plate

mirror & protection shield

nozzle

Figure 2.20: Insertion of the pyrometer on the experimental system
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The optical adjustment is critical because the pyrometer must collect the radiation emitted by
the throat of the nozzle after a deflection of 90° and the successive passage of two small
apertures through the mirror’s protective housing (see Figure 2.21). Keep in mind that even a
small misalignment with respect to the axis of the nozzle would result in an erroneous
temperature measurement relating more to the much cooler nozzle wall.

Optical pre-setting is performed at ambient pressure when the expansion chamber is open.
Due to mechanical deformations, this initial alighment is partially lost once the pumps are
started and the chamber pressure is lowered. To overcome this drawback, a specially designed
assembly (see figure (2.20)) allows a minor displacement of the pyrometer in the horizontal
plane and enables the recovery of the right optical path.

pyrometer

aperture for infrared
radiation e

45° mirror

nozzle throat
protecting shield

Figure 2.21: Protective housing for the 45° deflection plane mirror

Similar to what was done with the thermocouple, temperature values were measured for a set
of discrete operating conditions. Notably, in this case temperature data can be obtained only
above 600 °C.

Unfortunately, there is a significant temperature difference between the temperatures
measured with the pyrometer (figure (2.22)) and those measured by the thermocouple (figure
(2.19)) and there is no trustworthy way to prioritize one of the two. The temperatures
measured by the pyrometer are systematically lower by about 300 K. This could be explained
by the fact that a fraction of the radiation emitted by the walls of the nozzle is collected by the
pyrometer despite our precautions.
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Figure 2.22: Reservoir temperature as a function of the current delivered by the power supply
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2.4 Preliminary study on carbon monoxide

The numerical simulations and the above described experimental Pitot probe mapping
provided the first insights on the flow structure and Mach number and designated the optimal
location along the expansion axis to carry out the spectroscopic measurements. The next step
was to test the performance of the experimental system with carbon monoxide molecules
admixed in a 5:95 ratio to the argon flow. The objective was to investigate the relaxation of the
vibrational and rotational energies in order to confirm that the experimental dispositive indeed
corresponds to its vocation and delivers non-LTE spectra.

The choice of the probe molecule is based on the fact that CO is a very well-studied molecule
exhibiting a simple infrared spectrum, the line positions of both its cold bands and hot bands
are precisely referenced in molecular databases such as HITRAN. This allows a relatively fast
examination because instead of scanning the entire spectral region, the sought lines can be
recorded directly.

2.4.1 Vibrational relaxation

As previously mentioned, the molecules are heated up under high temperature LTE conditions
in order to significantly populate their high vibrational levels. Earlier free-jet studies??
demonstrated that molecular collision events drop as molecules are accelerated to high Mach
numbers. As a consequence, the lack of collisions makes it difficult to transfer the vibrational
energy of the molecules into rotational or translational energy. However, an expansion through
a Laval nozzle instead of a sharped edge orifice results in a more directional jet and a less drastic
decrease of the molecular density. Unlike a free-jet, it is possible that in this case the molecules
will experience greater vibrational relaxation.

The gas mixture was heated up at around 1400 K at 1010 Torr and the R-branch of the
3 « 0 cold band along with the R-branch of the 5 < 2 hot band were recorded by CRDS. Using
the Boltzmann plot method,?? the absorption coefficients of lines issuing from the lower J
rotational levels were considered. Correspondingly, a very high vibrational temperature
(T €= 1319(125) K) could be extracted.
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Figure 2.23: Experimental results of CO. Left panel: recorded cold and hot bands. Right panel: Temperature extraction by
Boltzmann plot
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This high vibration temperature indicates that vibrational relaxation in the isentropic core is
inefficient. Next, it must be verified that the rotational energy relaxes effectively so that the
experimental setup meets our expectations.

2.4.2 Rotational relaxation

Identically to the study of the vibrational temperature, the Boltzmann-plot method was used
once again to retrieve the rotational temperature values and then to describe the rotational
relaxation that occurs.
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Figure 2.24: Boltzmann plot representing the recorded R-branch of the 3 « 0 cold band. Two different rotational temperatures
highlight the two distinct flow regions

Two distinct gradients can be seen in figure 2.24, arising from contributions to the spectrum
from regions with different temperatures (cold core and shear layers). The rotational
temperature extracted from the first 4 cold transitions (T,5%/%= 14 K), corresponding to the cold
core, had to be corrected by removing the hot gas contribution of the surrounding shear-layers.
This contribution has been described in paragraph (2.2.3) and represented in figure (2.7). The
corrected rotational temperature (T\Sof4corrected — 1) 6(1) K) of the isentropic core is
remarkably similar to that obtained by Pitot probe measurement, confirming a rapid rotational
relaxation. In contrast, the extracted rotational temperature of the shear-layer (Tr’i,"tt =134.8(1)
K) is much lower than the 700 K numerically estimated by the CFD simulations. Such a
contradiction most likely arises from the fact that T,flo"tt is an average value integrating the
different peripheral layers characterized by very different temperature and density values, as

it is shown in figure (2.6).

In conclusion, the SMAUG experimental technique equipped with the custom-designed Laval
nozzle described here produces a non-LTE quasi-unidirectional hypersonic flow. Furthermore,
the implementation of the nozzle successfully reduces radial temperature and radial density
gradients leading to reduced line broadening. This makes it ideally suited for studying the high-
energy vibrational modes of more complicated gases such as methane, which will be discussed
in the next chapter.
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Non-LTE CH,4 spectroscopy

“Absque sudore et labore nullum opus perfectum est”s
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3.1 The tetradecad spectral region

In Chapter |, it was mentioned that the cold bands of the so-called “tetradecad region” of
methane are well studied. The corresponding data is incorporated in the WKMC (Wang, Kassi,
Mondelain & Campargue) empirical line list (from 5852-7919 cm™).2= The spectra recorded at
80 K and 296 K allow the analysis and interpretation of observed infrared absorption spectra
from the atmosphere of Titan®® and other giant planets. However, the transitions
corresponding to hot bands, necessary to describe hot astrophysical environments reaching up
to 3000 K, such as the atmospheres of hot Jupiters or cool carbon evolved giant stars, remain
poorly investigated.

The complexity of the spectrum of methane in its tetradecad region®, centred around
1.67 um (6000 cm?), has been addressed in detail by Rey et al.61%1t and Cassam-Chenai et al.1?
At high temperature, the lines observed around 1.67 um come from transitions connecting the
ground state (Py), dyad (P1), pentad (P) and potentially octad (P3) polyads to higher vibrational
states belonging to tetradecad (P4), icosad (Ps), triacontad (Ps) and tetracontad (P7) polyads,
respectively. The prospective energy structure, with the numerous vibrational sub-levels of the
methane molecule, and the difficulties of its investigation are detailed in Chapter I.

In particular, the high-temperature experimental data of methane is essential to
constrain ab initio variational calculations, from which the theoretical line lists of TheoReTS or
Exomol are constructed. Some experimental data, such as the origin of the vibrational bands
and the position of the low-J rovibrational energy levels (essentially J = 0 or 1), are used to
refine the potential energy surface and thus improve the position of the calculated transitions
by a factor of about 10. The accuracies reached by TheoReTS are thus approximately 102 to 1
cmt for the vibrational energy levels and of the order of 103 cm™ for the rotational levels. Non-
LTE spectroscopy is therefore a very suitable method in that it precisely reveals information
about band origins of highly excited vibrational states (observation of many hot bands) and low-
Jrovibrational transitions (simplified rotational spectrum).
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3.2 Recorded spectrum
After having characterised the performance of SMAUG with CO, the spectroscopic study of
more complex molecules, such as methane, under non-LTE conditions can begin.

In the reservoir, 2 sim of CHa is mixed with 19 sIm of argon at 1040 Torr of stagnation
pressure and at around 850(100) K initial temperature, meanwhile the expansion chamber is
maintained at 0.5 Torr. The spectral ranges 5884—-6003 cm™, 6005-6073 cm™, 6120-6140 cm™,
and 6193-6219 cm™ have been scanned with the available DFB diodes and the recorded
spectra are concatenated in panel (a) of figure (3.1).
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Figure 3.1: Recorded hypersonic non-LTE spectrum of methane. Panel (a): CH4 spectra over the 5884—6219 cm~! range and the
gaps due to the missing diodes. Panel (b): zoom in of the recorded spectrum to demonstrate a saturated line (Qtmax= 3.7x 107°
cm™). Panel (c) reveals the instrumental detection limit defined as the rms of the baseline fluctuations (Qmin = 3.3 x 10711 cm™1).

As panel (b) highlights, the CRD spectrometer has an upper limit for detecting absorption lines.
Specifically, the very intense cold band lines are saturated if they have an absorption coefficient
exceeding amax = 3.7% 107° cm™. Therefore, the corresponding line intensities extracted from
our fitting procedure are relatively imprecise. From a practical point of view, this saturation
effect leads to truncated lines that make it difficult at first glance to compare the experimental
spectrum with the spectrum simulated from spectroscopic databases. On the lower side of the
dynamic range of the instrument, a detection limit of amin = 3.3 x 107! cm™ guarantees the
detection of transitions with typical spectral line intensity of 3.7 x 10%° cm.molec™? in the
hypersonic jet, testifying to a very good experimental sensitivity. To give a rough comparison
between the spectroscopic techniques, Fourier-transform infrared spectroscopy (FTIR) has a
typical maximum sensitivity of ~10%% cm.molec?!, whereas a state-of-art CW-CRDS
spectrometer!?® can reach the ~1032 cm.molec?. In summary, a strong dynamic range of
around 100,000 should therefore be emphasized for SMAUG.
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3.2.1 Comparison between LTE and non-LTE experimental spectra

Two spectra, recorded and provided by the LIPhy laboratory in Grenoble, allow a direct
comparison between LTE and non-LTE experimental absorption spectra. In figure (3.2), panel
(c) shows the non-LTE hypersonic jet spectrum, meanwhile panels (a) and (b) represent the LTE
spectra obtained at 964 K% and 81 K3° respectively.
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Figure 3.2: Direct comparison of experimental LTE and non-LTE spectra. Panel (a): LTE conditions at 964 K. Panel (b): LTE
conditions at 81 K. Panel (c): hypersonic jet non-LTE conditions. Right side: zoomed in to 5986.6 cm™ to highlight the presence
of a hot band transition in our spectrum

One of the most striking differences comes from the considerably broader absorption
lines of the 964 K LTE spectrum resulting from both Doppler broadening (FWHM of 0.0334 cm'?
at 964 K) and multiple overlapping transitions. In principle, the information contained in the
high temperature static spectrum is extensive and should therefore be considered as a
reference spectrum for direct comparison with existing databases.®1%1%15-19 Nevertheless, the
determination of the exact line positions requires a problematic post-processing of many
unresolved contributions. Conversely, the line narrowing and spectral decongestion observed
in the non-LTE spectrum are two strong advantages for a line-by-line identification. However,
it remains to be confirmed, as in the former case of carbon monoxide in chapter I, that the
lines observed are indeed low-J value transitions belonging to different cold and hot bands. In
other words, is the methane accelerated by the Laval nozzle vibrationally hot and rotationally
cold?

The absorption lines recorded in LTE quasi static conditions at 81 K belong exclusively
to cold bands because at such low temperature the population is fully relaxed to the vibrational
ground state. In the magnified view of figure (3.2) 3 transitions are shown which are identified

103



Chapter lll Non-LTE CH4 spectroscopy

as lines of a Q-branch of the cold band 0020(F2)«<0000(1A1) corresponding to the '3CH4
isotopologue, from left to right: 3(A1)«<3(A2), 3(F1)«<3(F2) and 3(F2)«<-3(F1). Comparing the LTE
81 K spectrum with the hypersonic jet spectrum, the appearance of a fourth intense line can
be spotted in the non-LTE spectrum which corresponds to the transition 2(F1)«<2(F;) of the hot
band 0021(F1)«0001(F2) of the isotopologue '?CHs departing from the dyad polyad. This
testifies to populated higher vibrational levels and the presence of transitions corresponding
to the hot bands.

At the same time, it has to be mentioned that the measured FWHM of the lines in the
hypersonic jet is about 0.01 cm™, which is astonishingly above the value of 0.0052 cm™
corresponding to the simulated radial flow of 130 m.s* of the isentropic core. The possible
reasons for such a broadening are set out in the following section. However, similarly to the
recorded spectrum of CO, the obtained CH4 spectrum contains the contribution of the shear-
layers as well. The corresponding transitions issuing from higher-J rotational levels are
represented with a broadener lines, with FWHM ~0.0215 cm™. Figure (3.3) demonstrates the
contributions of the two flow regions: the isentropic core (yellow caption) and the shear-layers
(blue caption). The upper trace shows the recorded spectrum, and the lower one exhibits the
fitted lines and the reconstructed fitted spectrum. The fitting program used to determine the
position and intensity of the lines was provided by LIPhy. The pressure in the isentropic core is
sufficiently low (0.05 Torr) to ignore the pressure line broadening and the line shape is
essentially Gaussian. However, for better determination of line intensity, a small Lorentzian
component has been included in the fit to absorb the effect of the contribution of the warmer
shear layer flaring the foot of the line.
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Figure 3.3: Zoom into the experimental non-LTE CH4 spectrum. Upper trace: recorded spectrum. Lower trace: reconstructed
spectrum of the fitted lines. Indication of the two different line shapes emerging from the isentropic core (yellow) and the shear-
layers (blue).
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3.2.2 Line broadening

As it will be detailed in a next section, the rotational temperature of methane is estimated to
be around 39 K, meaning that the translational temperature should be lower or at least equal
to this value, thus leading to an expected “thermal” (as opposed to “convective”) Doppler line
broadening of 0.0066 cm™ (FWHM at 5885 cm?). The possible reasons of such a disagreement
with regard to the predicted Doppler line broadening and the experimentally measured one
are examined hereafter. The thermal Doppler line broadening parameter is retrieved from
equation (3.1). The measured value of 0.01 cm™ should correspond to a static gas with
temperature (7) of 86 K:

T
Avp = 7162 X 1077 X Uy |5 3.1

where M = 16 g.mol™ is the molar mass of methane.

Four hypotheses have been investigated to explain this surprisingly large line
broadening. The first possible culprit is the presence of a more important radial velocity
component than the numerically simulated one. To obtain the necessary value of this radial
component (v,-) equation (3.2) was used:

ctv,

17RV = c X 170 32

where c refers to the speed of light. This results in v, = 500 m.s™?, this value is significantly higher
than that of 130 m.s* given by the CFD simulations (and leading to a FWHM line broadening of
0.0026 cm™ at 5885 cm™). It cannot be excluded, but it would be surprising for the simulated
radius velocity parameters to disagree by such a large amount, whereas the other simulated
parameters tended to be fairly accurate when compared with experimental measurements.

Secondly, a possible misalignment was examined between the jet stream line and the
transverse laser beam. In this hypothesis, the numerically simulated axial velocity v, of 1230
m.s! was considered and the error was searched in the laser beam’s attacking angle, as it is
represented in figure (3.4).

laser

Figure 3.4: Representation of a misaligned laser beam with respect to the jet stream line
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The angle (a) that is needed to obtain a line broadening of 0.01 cm™ with the above calculated
500 m.st velocity component (v°) in the plane of the laser beam can be delivered by
trigonometry and results in a = 24°.

v*
sin(a) = — 3.3
va
Such a huge misalignment is impossible to be carried out in the experimental setup, therefore
this cause of line broadening can be ruled out.

A third possible source of line broadening could be the so-called transit broadening that
corresponds to the broadening (¥;) of the line shape due to the effective lifetime of the
molecule in the laser path.

D,
A, = 4 7“ V2.In(2) 3.4

Where v, —is the axial velocity component of the flow, numerically simulated at 1230 m.s* and
d — corresponds to the laser beam diameter: @d = 1 mm in case of the CRDS in SMAUG.
Nevertheless, this phenomenon could be excluded too, as A%, = 0.00019 cm?, representing
less than 2% of the occurring line broadening.

Finally, the fourth possible option is the presence of significant gas turbulences between
the shear-layer and the static gas in the expansion chamber, as well as between the shear layer
and the isentropic core. The possibility of turbulent convective motion causing Doppler shift is
a well-known occurrence in the domain of astrophysics.?’ Despite this, the numerical
simulations were carried out under the assumption of laminar flow. This assumption is,
however, appropriate as the maximum value of the Reynolds number is below 2500, which is
high, yet considered to be within a regime suitable for simulation as a laminar flow:

Re = PYad 3.5
U

Where, p - volumetric mass density, v, — axial velocity, d - the nozzle exit (@d = 24 mm) and u
— the dynamic viscosity calculated according to equation (2.5).
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Figure 3.5: Evolution of the Reynolds number along the radial profile 20 mm downstream of the nozzle exit, in the plane of the
Jjet where the CH4 was recorded.

Nonetheless, to verify this hypothesis, some additional turbulent CFD simulations could
be carried out, however, defining the correct turbulent conditions in the simulations is a rather
difficult task.

None of these effects considered separately can explain the observed linewidth of 0.01
cmL. In fact, the origin of this broadening is twofold. One has to consider both a volume of gas
at 39 K (FWHM 0.0066 cm™) and a radial expansion at 130 m.s* (FWHM 0.0026 cm™), so that
thermal and convective Doppler effects are cumulative, leading to a predicted FWHM linewidth
of 0.0092 cm, very close to the experimental value. The additional effects that were
mentioned earlier, such as a small misalignment of the CRDS, inaccuracy in the simulated flow
parameters and the transit broadening, could also contribute to the observed Doppler FWHM.
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3.3 Simulated spectrum

In order to identify lines observed for the first time and not yet reported in empirical line lists,
the exact experimental conditions must be first determined by matching a simulation of well-
known methane lines to the experimental spectrum. In the course of the simulation of non-LTE
spectra, the TheoReTS®192! [ine list was used. This line list provides transitions calculated at 296
K up to the J = 20 rotational level, with a cut-off intensity (Scut) of 103? cm.molecule™. To
simulate both the isentropic core and the shear-layer contributions, the line intensities were
manually adjusted to the experimental intensities using equation (3.6). Equation (3.6) converts
the theoretical integrated cross section at 296 K into the corresponding non-LTE one ( "LTE :

Evib _ E_wb Erot Erot
1—exp [— < L - L ]
3.6

k wa k Trot

LTE Qo(To) B, 1(EM™ E[
O-n (Ta Tw)_ i (To) Xexpl==—/——7 +—| X
ot b ] 0 Qrot (Trot) X Qvib (Tvib) P kT k Tvib Trot

1- exp( Cy - T

Where Qy(Ty), Qrot(Tror) and Quip(Typ) are the LTE, rotational and vibrational partition
functions respectively. Similarly, Ty, Tyo¢ and T,,;p are the standard and characteristic rotational
and vibrational temperatures. E; describes the lower energy level of the transition,
decomposing into a vibrational and a rotational component E}’ib and Eir"t, respectively. Finally,
E’”b and E”’trepresent the two components of the final energy level of the transition and ¢,

is the second radiation constant given by ¢, = % =1.4388 cm.K.

The third term of the equation corresponds to the induced emission term and it was neglected
throughout the simulations as its value corresponds to around 0.999 in our temperature
conditions for a line centred at 6000 cm™.

Additionally, the contribution of the isotopologue *3CHs was considered using
integrated absorption cross sections extracted from HITRAN.22 Only transitions departing from
the ground state were considered for this isotopologue. Indeed, since its natural abundance is
1.1%, the intensity of the hot bands is too weak to contribute significantly to the experimental
spectrum.

As was mentioned previously, due to low static pressure in the jet, there is no need to
consider Lorentzian-type broadening. Thus, it was decided to consider a purely Gaussian line
shape to simulate the spectrum, although this is not entirely accurate, due to the simultaneous
presence of cold and hot gas layers in the line-of-sight, as mentioned above. The simulated
absorption coefficient is therefore a sum of Gaussian functions (g(v — vy)) which were
constructed by using the non-LTE line intensities (a[]‘-LTE) with the temperature-wise matching
FWHM, 0.01 cm™ and 0.0215 cm? for the isentropic core and the shear-layer, respectively. The
corresponding densities (n;c and ng;) have been adjusted so as to best match the observed
and simulated spectra. Once the correct temperature values and partition functions are
established, the exact density values can be easily retrieved by a global adjustment of the

calculated line intensities to the experimental spectrum.

Concerning the isotopologue 3CHa, an LTE spectrum was simulated at the rotational
temperature of the isentropic core and its intensity has been adjusted to the experimental one
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by using an ad hoc multiplying factor . Such factor is needed because the LTE partition function
provided by HITRAN is not adapted to our non-LTE conditions. Thus, B contains both the density
of the isotopologue *CH4 and the correction for the partition function.

asim (V) = Zm ”IC-UZ}LTE-H(U —vg) + ZSL nSL-UZ}LTE-g(U —vg) + Z ,B-UiLjTE(U — Vo) 3.7
13CH,

The simulated spectrum (pink) is represented in panel (a) of figure (3.6). As explained
previously, due to their saturation, the most intense absorption lines are absent from the
observed spectrum while they are clearly visible in the simulated one. The axis of the absorption
coefficient has been deliberately limited to amax= 4x10° cm™ to facilitate comparison. Below,
panel (b) highlights the existence of two different flow regions and their very distinct line
broadening characteristics, along with the appropriate simulation of each.
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Figure 3.6: Experimental (black) vs simulated (pink) non-LTE hypersonic jet spectrum of methane. Panel (b): part of the
spectrum showing the presence of the two distinct flow regions. The yellow lines correspond to the isentropic core (IC)
meanwhile the blue ones simulate the contribution of the shear-layer (SL).
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3.4 Temperature extraction

To obtain a good agreement between the experimental and simulated spectrum, all the
temperatures, i.e. rotational and vibrational, of the different flow regions must be specified.
The notion of vibrational temperature is ambiguous here since the vibrational population does
not follow Boltzmann's distribution law. As recalled in chapter |, the population ratio between
the excited vibrational level and the ground state can be associated with a vibrational
temperature unique for each particular level. In principle, it is necessary to define as many
vibrational temperatures as there are significantly populated vibrational energy levels.

Secondly, the rotational and non-LTE vibrational partition functions have to be
determined. This is an iterative process, in which the rotational temperature (T,o¢) is initially
established and the corresponding rotational partition function (Qo¢(Tyror)) is calculated using
the Total Internal Partition Sum (TIPS)®® codes, which were specially extended to high

temperatures by Gamache and co-workers. This is followed by the determination of the
flow region
TViblevel

differentiates all the vibrational levels and their different symmetries and calculates a non-LTE
vibrational partition function (Qyip (Tyip))-

vibrational temperatures ( ) that serve as the input data for the new TIPS code that

3.4.1 Rotational temperatures

Thankfully, the distribution of population over rotational energy levels follows Boltzmann’s
law?* and therefore a single rotational temperature is sufficient to describe it. The rotational
temperature has been determined from the relative intensities of the absorption lines
belonging to a same vibrational band. This approach has the advantage of avoiding the explicit
computation of the rotational partition function at this stage of the analysis. From a practical
point of view, the ratio between two integrated absorption coefficients is equal to the ratio
between two integrated absorption cross sections, so that equation (3.6) leads to:

E; 1(ErS
Ty) X —R0 _ — | FRe
aRO _ URO(Trot) _ GRO( 0) exp [kTO k (Trot

aklt " oy (Troe) E; 1(Er*
" or1(To) X exp Ikl_;; % T;I:)lt ]

Using equation (3.8) for transitions departing from J = 0, 1 and 2 energy levels gives the
rotational temperature of the isentropic core: TS, = 39(5) K, while for transitions J > 7 the
obtained rotational temperature of the shear-layer is: T4 = 375(25) K, as demonstrated in
figure (3.7). As already indicated above, the experimental system has an instrumental upper
limit which saturates the lines that are too intense, in particular the low-J lines of the cold
bands. For this reason, the '3CHs isotopologue was chosen to retrieve the rotational
temperature of the isentropic core.
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Figure 3.7: Determination of the rotational temperatures. Panel (a): observed spectrum and simulated 3CH, lines of low-J

rotational levels used to obtain the rotational temperature of the isentropic core. Panel (b): observed spectrum and simulated
12CH, lines of higher-J rotational levels to extract the rotational temperature of the shear-layer.

3.4.2 Vibrational temperatures

For calculating the vibrational temperatures, the same strategy was continued as with the
rotational temperatures, but this time rovibrational transitions starting from an excited level
were compared to transitions issuing from the ground state. Applying equation (3.9) for a
sufficient number of transitions is assumed to give a reliable vibrational temperature for each
vibrational state (vi).

1 1
Gs (L _
oGS _ o (Ty)%S y exp [Cz.Ei (To Tmt)] -
at  a(To)" ox . BN c Epip n Eroe
p To z Tvib Trot

This method works well with the vibrational states of the dyad (P; polyad) for which the
theoretical line list is sufficiently accurate for direct identification and comparison between
calculated and experimental fitted lines. In this way, the dyad polyad in the isentropic core can
be described with two vibrational temperatures T;¢ =877(100) Kand Ty¢ = 334(21) K, reflecting
a much stronger intra-polyad vibrational relaxation than the inter-polyad one. The population
of the v, state located at 1533 cm™ partially empties on the first v, state of the polyad located
at 1310 cm™* which does not or only slightly relaxes to the GS. These results agree well with the
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observation by Bronnikov et al.?> and Hilico et al.?® It is interesting to note that this non-
relaxation from one polyad to another leads to effective vibrational temperatures which can be
much higher than the stagnation temperature, which of course contributes to increasing the
intensity of the transitions which start from the first state of each polyad.

Contrarily, the shear layer can be described with temperatures T,,Sf =797(175) K and
TvSZL = 730(166) K. This suggests that the different frictional —and maybe turbulent — processes
in the shear-layer, resulting in a higher frequency of molecular collisions compared to the
isentropic core, favour vibrational-rotation and vibrational-translation energy transfer between
molecules.

To determine a preliminary vibrational temperature associated with the populations of
the energy levels of the pentad (P> polyad), we looked first at the v5 transitions identified by
Foltynowicz et al.?” None of them are observed in our spectrum although they correspond to
low-J rotational transitions. Recall from chapter |, the pentad consists of 9 close sub-vibrational
levels which facilitates an efficient intra-polyad relaxation. Therefore, the fact that none of the
transitions observed by Foltynowicz et al. appear in our experimental spectrum sets a maximum
vibrational temperature for the v5 vibrational level at 500 K, as above this temperature the
transitions would be detectable in our recorded spectrum.

In parallel, a small number of transitions of the 0030 < 0000 cold band involving the
triacontad (Ps polyad) is reported in the HITRAN database??. The knowledge of the precise
position of the final vibrational energy level, in this case the 3v3, allows the prediction of precise
calculated line positions starting from the pentad and ending on this particular upper energy
level. These specific transitions were used to associate a vibrational temperature to the first
two vibrational states of the pentad: Tyy, 41y = 1130(91) K and Ty, () = 860(100) K.

Unfortunately, due to the lack of other reliable rovibrational transitions, it was not
possible to experimentally determine the vibrational temperature of the other vibrational
states of the pentad. It was therefore decided to consider a “local” Boltzmann distribution
population within the vibrational energy levels forming the pentad. The population of the
different energy levels, and their associated temperature, was thus extrapolated by considering
the same intra-polyad relaxation as occurred between the 2v,(A41) and 2v,(F2) states. These
assumed temperatures are used as input values for the calculation of the non-LTE vibrational
partition function. As a remark, this extrapolation leads to T,,’3C =212 K which is consistent with
the limit of 500 K set for the v3 vibrational level.

Figure (3.8) illustrates the different vibrational population probabilities under LTE
conditions in the reservoir heated to 800 K (red) and under the actual non-LTE conditions in the
hypersonic jet (blue). The boxes represent the population distribution probabilities along the J
rotational levels for the different vibrational levels and their degenerate sublevels. The
estimated population percentage is shown in the upper corners.

At 800 K, the population is distributed over more than 30 rotational levels, resulting in a lower
percentage of population probabilities for each individual rotational level and therefore
relatively weak absorption line intensities. For example, the highest populated rotational level
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of the vibrational GS at LTE 800 K is Jmax = 7, which corresponds to 5% of the population
probability. In contrast, in case of the hypersonic jet, where the rotational temperature is equal
to 39 K, the highest populated rotational level is Jmax = 2, representing more than 20% of the
population probability. Henceforth, the strong rotational relaxation in the hypersonic jet not
only simplifies the rotational structure of the spectrum, but at the same time provides much
more intense absorption lines.
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Figure 3.8: Comparing the vibrational and rotational population probabilities between LTE 800 K (red) and hypersonic jet (blue)
conditions. The temperatures obtained experimentally (pink) or following hypothesis (purple) are written under each vibrational
level.

Another equally important characteristic of the hypersonic jet highlighted in this work
is the strong vibrational energy relaxation occurring within the vibrational energy levels of a
polyad. This “intra-polyad” relaxation results in the transfer of population from the higher
vibrational states towards the lower vibrational ones within the polyad. This phenomenon is
represented in figure (3.8), in blue. Thus, the lower v, vibrational state of the dyad gathers 24%
of the population probability; meanwhile its highest v, state basically lost all its population with
the corresponding 0.1%. Comparatively, in LTE conditions this ratio is 18% to 8% respectively.
Ultimately, looking at the population probability numbers of the pentad, the panels of the
hypersonic jet (blue) highlight the severe difference between LTE and non-LTE cases.
Considering 2v,(A1), the lowest vibrational state of the polyad, its population probability is
more than 4 times higher for the non-LTE hypersonic jet than it would be under LTE conditions.
Similarly, on the next 2v,(F2) vibrational level the population probability is 1.4 times greater
for the hypersonic jet.

Figure 3.8 clearly shows that the populations of the methane polyads in the reservoir and in
the supersonic jet remain almost identical, indicating very low amounts of energy relaxation
between polyads. It is as if the population of each polyad moves to the lowest level of each
polyad, that is to say, v, for the dyad, 2v,(4,) for the pentad, etc. Concerning the inter-polyad
relaxation it can be concluded that there is no significant relaxation between the polyads, which
is in good agreement with the former observations of Bronnikov et al.?®
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Finally, the temperatures obtained experimentally (pink) or following hypothesis (purple) are
displayedin the figure (3.8) and listed in Table 3.1. Remark, the higher vibrational states starting
from 4v,(A;) are all assigned with the rotational temperature, 39 K, throughout the calculation
of the vibrational partition function.

Table 3.1: Calculated (pink) and extrapolated hypothetic (purple) vibrational temperatures

Polyad Vib. level Sym sw. E/cm? T./K
Ground state 0000 Al 1 0
0001 F2 3 1310.78 877
Dyad
0100 E 2 1533.34 334
0002 Al 1 2587.00 1130
0002 F2 3 2614.14 860
0002 E 2 2624.73 789
0101 F2 3 2830.44 314
Pentad 0101 F1 3 2846.07 301
1000 Al 1 2916.43 256
0010 F2 3 3019.42 212
0200 Al 1 3063.82 198
0200 E 2 3065.19 198
0003 F2 3 3870.50 1195
0003 Al 1 3908.90 900
0003 F1 3 3920.40 838
0003 F2 3 3931.02 789
0102 E 2 4101.64 410
0102 F1 3 4128.92 382
0102 Al 1 4133.17 378
0102 F2 3 4142.77 369
0102 E 2 4151.29 362
0102 A2 1 4161.93 353
1001 F2 3 422355 311
Octad 0011 F2 3 4319.27 263
0011 E 2 4322.26 262
0011 F1 3 4322.56 262
0011 Al 1 4322.88 262
0201 F2 3 4349.05 252
0201 F1 3 4363.78 246
0201 F2 3 4379.05 241
1100 E 2 4435.17 224
0110 F1 3 4537.55 199
0110 F2 3 4543 .86 199
0300 E 2 4592.46 188
0300 A2 1 4595.39 187
0300 Al 1 4595.67 187
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The forthcoming figure (3.9) highlights the non-LTE effects through a simulation. In
panel (a), the strong rotational and intra-polyad relaxation results in a series of intense P5
transitions starting for the v, (dyad), whereas in LTE conditions they are much less intense.
Moreover, according to this figure, the similar intensities of three cold band transitions
simulated under both LTE and non-LTE conditions might be surprising. It is simply due to the
fact that the ground state population probability is similar in both cases, as there is no
significant vibrational relaxation towards the ground state in the hypersonic jet. Another
example is given in panel (b). In this small spectral range, the simulated transitions starting from
the GS are high-J rovibrational lines, while those starting from the 2va4 sub-states belonging to
the pentad are low-J rovibrational lines. In this second example, the low-J rovibrational lines
are magnified in the hypersonic jet, while the high-J rovibrational lines are almost eliminated.
As depicted in Fig. 3.8, the rotational population of energy levels with J > 7 becomes
insignificant.
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Figure 3.9: Simulated spectrum in LTE 800 K (red) and non-LTE hypersonic jet (blue) spectrum. The lower vibrational states are
indicated. Panel (a) emphasizes the v, transitions magnified in the hypersonic jet expansion. Panel (b) displays depopulated
high-J rotational levels and the presence of intense lines issuing from the pentad.
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3.5 Line identification

For vibrational states of polyads higher than the dyad, theoretical line-lists must be compared
with experimental data to validate the upper energy levels of the calculated transitions. The
line positions are hence much less accurate than those corresponding to the dyad. Importantly,
the calculated ab initio line intensities are accurate to within a few percent??, which means that
once the vibrational temperature is correctly determined, the simulated pattern of the
spectrum will match the experimental spectrum in intensity, if not in wavenumber. A previous
experimental investigation?’ confirmed that the uncertainty of the calculated line positions in
the TheoReTS database is +1 cm™ at 9000 cm?, so that it should be possible to find pairs of
experimental and simulated peaks with matching intensities within this given wavenumber
uncertainty interval.

Following this strategy, we were able to detect in our experimental spectrum a
transition starting from the lowest energy vibrational state of the octad. It could be correctly
simulated with a vibrational temperature of T4, ) = 1195(80) K (see Table 3.24.2). This
transition is shown in panel (b) of figure (3.10). Once again, in the figure, the pink line
corresponds to the simulated non-LTE spectrum. The red, blue and green sticks mark the
transitions starting from the 2v,(41), 2v,(F2), and 3v,(F2) states, respectively. Given the
good agreement in intensity between the simulated spectrum and the experimental spectrum,
line assignments can be made by matching simulated peaks to equally intense experimental
peaks within the uncertainty of the simulated line position. This process results in a new set of
hot methane transitions listed in table (3.2).
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Figure 3.10: Representation of the line assignment process based on the intensity correspondence between observed and
simulated lines in an interval of #1 cm™ around the simulated line. Panel (a): newly assigned lines issuing from the pentad
polyad. Red and blue stick lines correspond to transitions starting from the 2v,(A1) and 2v,(F2) states of the pentad,
respectively. Panel (b): newly assigned line starting from the 3v,(F2) state of the octad.

Altogether, 22 possible candidates were identified (see Table 3.2), including 15

transitions issuing from the 2v,(A1) lowest vibrational state of the pentad. Three transitions
are starting from the next vibrational state of the pentad, 2v,(F2). Finally, 4 lines were spotted
departing from the octad polyad: three corresponding to the lowest 3v,(F2) vibrational state
and one to the 3v,(F1) vibrational state. All of the reported candidates correspond to low-J
rovibrational transitions with Jmax = 4.
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Table 3.2: Newly assigned transitions issuing from the pentad and the octad.

v(obs)
cm-1

5944.537
5944.677
5965.059
5965.286
5965.323
5965.713
5985.829
5996.633
5996.672
6008.554
6021.146
6194.202
6195.231
6205.575
6211.603

5961.318
5970.308
6215.88

5909.922
5946.148

5960.495

5937.872

v(calc) cm-

1

5944 .474
5944.899
5964.678
5965.204
5965.358
5965.648
5985.883
5996.652
5996.924

6008.98
6021.155
6194.202
6195.228
6205.574
6211.605

5961.425
5970.42
6215.879

5910.54

5946.681

5961.738

5938.331

v(obs-calc)
cm-1
0.0635
-0.2216
0.3803
0.0822
-0.0346
0.0645
-0.0544
-0.019
-0.2521
-0.4267
-0.008
0.0003
0.0025
0.001
-0.0026

-0.1066
-0.1122
0.0008

-0.6174
-0.5328

-1.2431

-0.4587

S(calc)

cm/mol
7.42E-28
3.81E-28
2.48E-27
8.42E-28
1.31E-27
7.09E-28
1.10E-27
9.51E-28
1.40E-27
2.56E-27
2.74E-28
3.00E-30
6.00E-30
8.00E-30
9.00E-30

1.36E-27
2.28E-27
4.70E-30

2.61E-30
2.28E-30

3.39E-30

3.23E-32

E'
cm-1
2618
2618
2649
2618
2618
2597
2597
2618
2618
2649
2587
2597
2587
2587
2597

2620
2620
2649

3928
3872

3872

4048

rc

1F1
1E

3A1
2E

2F1
1F2
2F2
3E

3F1
4A1
1A2
1F2
1A2
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3.6 Conclusion

Through the analysis of the recorded CHs4 non-LTE spectrum, the rotational, intra-polyad and
inter-polyad relaxations have been characterised quantitatively. The rotation is well relaxed
according to a Boltzmann distribution characterised by a temperature of 39 K. The extracted
vibrational temperatures reflect an efficient intra-polyad relaxation that depopulates the high
vibrational levels of the polyads, whereas the relaxation between polyads is considerably
weaker, which leads to an accumulation of the vibrational population on the first state of each
polyad (v4(A41), 2v, (A1), 3v,(F2), etc.).

At the same time, it is clearly demonstrated that the population of the symmetrically
degenerated vibrational levels (e.g. 2v,(A1) and 2v,(F2) for the pentad) should be described
with different vibrational temperatures. They must therefore be distinguished as if they were
completely independent vibrational levels.

Based on the determined temperature values, the corresponding rotational and non-
LTE vibrational functions could be delivered by the interface NLTE_TIPS CH4 2021 provided by
Gamache et al. Knowledge of the partition functions of methane in the isentropic core and
shear-layers makes it possible to retrieve the molecular density of each of these flow regions.
Thus, it appears that the main contribution comes from the isentropic core with a molecular
density of n;, = 4.95x10% molec.cm3, confirming the good sensitivity of the SMAUG apparatus
as well as its ability to diagnose hypersonic flows. The shear-layers are effectively characterized
by a lower average density of ny = 0.887x10* molec.cm, leading to a non-negligible hot gas
contribution to the absorption spectrum. A planar de Laval nozzle is currently being designed
to increase the absorption path length through the cold isentropic core and maximise the cold
gas contribution.

Additionally, many lines recorded in the non-LTE spectrum have yet to be assigned. They
most likely belong to hot band transitions starting from vibrational energy levels of the pentad
and octad polyads. Future work will consist of systematically assigning them to refine the
TheoReTS line list.

In conclusion, SMAUG can produce vibrationally hot and rotationally cold high-
resolution infrared spectra of methane. The obtained vibrational temperatures, some above
the reservoir temperature, underline the vital features of the experimental setup. Namely, that
significant rotational and intra-polyad relaxation ensure the detection of lines corresponding
to transitions issuing from pentad and octad by boosting the population in the base vibrations
of these polyads. At the same time, these relaxations eliminate a tremendous number of
spectral lines from the investigated spectrum and permit the precise analysis of those
remaining.
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Post-shock spectroscopy

“Non progredi est regredi.” ®

EN EFFET, LES MOLECULES NE SONT PAS INERTES : PLUS LA
TEMPERATURE MONTE, PLUS ELLES VIBRENT ET TOURNENT
SUR ELLES—MEMES.

AUTANT DIRE QUE, DANS CETTE ZONE A PLUS DE 2 000 °C,
C'EST TRES AGITE. LES ROTATIONS DONNENT UNE ViSiON
FLOUE DE CE QU'IL SE PASSE.

% To not go forward is to go backward.?
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4.1 Status report

The non-LTE results presented in chapter Ill reveal valuable information about hot bands
involving the lowest vibrational states of the first polyads of methane located in the ~1300 -
4000 cm™ range and the vibrational energy states of the upper polyads in the ~8500 - 10000
cmt range. The accurate positions of these upper energy levels are essential for refining the
potential energy surface on which ab initio variational theoretical models are based, and
therefore to improve the precision of calculated line lists.

However, due to a lack of population on the highest vibrational states within each
polyad, the non-LTE approach cannot provide insight into the hot band transitions originating
from these states. Furthermore, while the simplified rotational structure is a very convenient
approach to accessing precise line positions and facilitating their identification, it is clear that
non-LTE conditions eliminate a huge number of transitions from the spectrum, which can be
perceived as a loss of information.

An original experimental approach has been developed to access these missing
transitions. The so-called post-shock spectroscopy is described in the following chapter.
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4.2 Normal shock waves

Probing hot gases in the temperature range of 1500 K is challenging due to the sensitive optical
elements of the cavity, mainly the two high-reflectivity mirrors. In the HES the wall of the
porous graphite rod is heated up to 2000 K, which excludes the possibility of mounting the
optical elements onto its walls, as they would melt immediately. Furthermore, these
temperature values are accompanied by significant mechanical stress and could give place to
undesired leaks. Therefore, the goal was to create a stationary shockwave in the middle of the
expansion chamber where a cavity could be built around it.

In chapter Il, it has been already stated that in a hypersonic flow, the fluid particles propagate
faster than sound waves and for this reason they have no notion of any obstacle in front of
them. Consequently, when the particles hit an unexpected body and reflect back from it, they
merge with the following incident particles and a compression front develops in the flow field.?
Even though the thickness of this detached shock wave is only a few molecular mean free path-
lengths®=, the flow undergoes abrupt changes as it passes through. Specifically, the hypersonic
flow suddenly becomes subsonic and the narrow shock region is characterised with
pronounced pressure, temperature and density gradients, meanwhile the transport of
momentum and energy is significant.

— Body to

generate shock

M>1 ; N M<1
Figure 4.1: Occurrence of normal shock and the representation of the shock front

It is essential to understand that upstream of the shock front, the flow has no
information on the presence of the shock, while downstream of the front, in the so-called shock
layer, the flow becomes subsonic so that the streamlines adjust to the presence of the body.
This shock wave is established once the first particles hit the body and then remains steady as
long as the upstream flow conditions remain stable.

The passage of the gas through a shock wave is considered adiabatic because heat is
neither given nor removed from the flow. On the other hand, the crossing of this non-
equilibrium region should not be an isentropic process. Indeed, inside the shock, complex
processes can occur (molecular dissociation, ionization, chemical reactivity, etc). Moreover, the
large change in flow properties over a very small distance is responsible for an intense viscous
stress and heat transfer causing irreversibility on the system.

In chapter Il, the characteristic Knudsen number was derived validating the continuum-flow
hypothesis. The properties of the flow variables can then be modelled downstream of the shock
wave by considering the flow as continuous. However, to take into account the very strong
gradients which characterize the thermodynamic variables through the shock wave, it is
convenient to assimilate the shock wave to a thin spatial region of discontinuity through which
the flow parameters change instantaneously from the upstream state, where there is no
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prediction of the upcoming front, into the downstream state where all the changes have
already occurred.

To determinate the exact flow properties downstream of the shock, similar
conservation equations have to be used as the ones describing the flow field within a
hypersonic flow. The continuity of mass:

P1V1 = P2V 4.1
as well as the conservation of the momentum:
p1+ PV’ = po + ppvp? 4.2
and the energy under adiabatic circumstances:
hy + lvlz = h, + lvzz 4.3
2 2

apply to the gas as it traverses the shock.

Assuming that the flow field could be considered as a continuum and, furthermore, as an ideal
gas, the following two equations can be written:

—=1T 4.4

representing the equation of state and at the same time, the enthalpy can be given as:

h = ¢,T + const 4.5

Similarly to the Rayleigh formula® used through the Pitot probe measurements in chapter Il, the
total pressure ratio upstream (py1) and downstream (pg,) of the shock can be described as a
function of the Mach number (M;) upstream from the shock?:

1 4

2 T+ 1)ME T
Poz _ <1+—V (Mf—1)> ( b + DM ) 4.6
Po1 y+1 (y — M7 +2

And consequently, the ratio between the static pressures downstream (p,) and upstream (p;)
from the shock can be delivered:
2

P2 1+ 22— 4.7

b1 y+1
This ratio suggests that the static pressure always increases through the shock, as the Mach
number (M) upstream of the shock is larger than unity. Following this path, the static
temperature ratio downstream (T5) to upstream (T;) from the shock front can also be written
as a function of the upstream Mach number:

T, _ 2(y—-DyM{+1
T, y+1)2? M?

M —-1) 4.8

indicating that the static temperature downstream of the shock is always greater than the
upstream temperature.
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Remark, the total temperature does not change across the shock wave as the process is
adiabatic (Ty; = Ty, = const.).

Finally, the evolution of the density can be described with equation (4.9):

p2  (y+ DM

72 _ 4.9
pr (y— 1)M12 + 2

once again, pointing out that the gas is denser downstream (p,) of the shock wave than it was
upstream (pq) as y>1 and M;>1.

4.2.1 Hugoniot equation

Once it is understood that the static pressure value rises across the shock wave, a different
view of the shock can be introduced. In fact, it can be regarded as a “thermodynamic device”
which performs compression work on gas and therefore the change in flow properties can be
provided by exclusively thermodynamic variables excluding any reference to the Mach number.
Taking equation (4.1) describing the continuity of the mass, it can be written:

,01>
UV, =V (— 4,10
g ! P2

and substituting equation (4.10) into momentum conservation equation (4.2) it can be solved
to:

vi= u<p_2) 411
P2 — P1 \P1
The same can be carried out regarding:

w2 =Pz (ﬂ) 412
P2 — P1 \P2

Next, the energy conservation through the shock can be described as:
=e, +—+— 4.13
p

Where e is the energy per unit volume and the values of v and v can be substituted by the
expression delivered in equation (4.11) and (4.12). The result is:

+p, 1 1
ey — e, = AT P2 (— - —) 414
2 P1 P2

which can be further developed if the volumetric mass values (p; and p;) are replaced with the
specific volumes, V; and V, respectively:

p1t+ D2
2

ez - 61 = (Vl - Vz) 4‘15
Equation (4.15) is called the Hugoniot equation? and it is established independently of the
nature of the gas considered (i.e. perfect gas, real gas or chemically reacting gas). At the same

. + .
time, %can be considered as a sort of mean pressure across the shock, therefore the change

130



Chapter IV Post-shock spectroscopy

in the energy per unit volume can be regarded as the product of the mean pressure across the
shock and the change in the specific volumes (V) across the shock.

4.2.2 Experimental flow field for post-shock spectroscopy

Our goal is to create a detached stationary shock wave to probe the gas in the downstream
high temperature shock layer. The role of the shock wave is to convert the kinetic energy of the
gas back into enthalpy.

Substituting equation (4.5) into (4.3) and assuming that in the reservoir the gas is static (Vyps=
0) the Saint-Venant equation can be written as:

1
cpTo = ¢, T+ 2 v? 4.16
In other words, the left side of equation (4.16) represents the energy initially given to the
system, throughout the HES heating system in our case. On the right-side, the distribution of
this energy is represented through an adiabatic expansion. Specifically, it could be stored into

thermal energy (c,T) or eventually it could be converted into kinetic energy (% v?). All along

chapters Il and lll, the principle was to accelerate the gas (v =vmax), to convert its initial total
energy into purely kinetic, in order to brusquely lower its temperature (T — 0) and to create a
strong non-LTE condition.

Conversely, here the objective is to stop the gas (v — 0) to increase its temperature (T
— Tp). Theoretically, a temperature as high as the initial reservoir temperature could be
reached by simply stopping the gas. However, in practice, this situation is only true for the
particles hitting the “shock wave generator body” perpendicularly, that is to say the ones
precisely located on the nozzle axis. As for the rest of the molecules, they are slowed down but
follow another streamline which bypasses the obstacle, without being completely stopped. A
certain quantity of their kinetic energy is therefore maintained and their corresponding thermal
energy and static temperature remain below the stagnation conditions.
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4.3 Experimental setup

Practically speaking, the hypersonic jet created by the Laval nozzle impacts an obstacle
inserted perpendicularly to its axis. A detached shock wave forms in front of the obstacle, thus
decelerating the flow to subsonic speed and heating the gas in the shock layer between the
shock and the physical obstacle. This process has already been used to create high-
temperature/high-pressure gas layers irradiated by a powerful infrared laser and further
expanded to form high-energy secondary beams.®’ The abrupt changes described above occur
in the shock wave, and right on the shock generator body where the gas has zero velocity, the
reservoir temperature should be restored. However, as demonstrated in the following
paragraph, this initial temperature is only specific to the axial streamline and therefore the
spatial domain probed by CRDS cannot be described exclusively with a single temperature but
rather with an average temperature which contains the contributions of the different probed
flow layers.

A previous study was carried out at the IPR by Suas-David.? In this first trial, a 50 mm
diameter plate was placed in a free-jet expansion®, however, a large radial velocity component
was detected in the direction of the laser which caused, on the one hand, a convective Doppler
line broadening and, on the other hand, re-cooling of the probed gas as its kinetic energy
became significant once more.

This time, to overcome these drawbacks, instead of a large diameter plate, a cylinder
with a diameter corresponding to that of the exit of the hypersonic jet was placed in the flow,
20 mm downstream of the Laval nozzle, as it can be seen in figure (4.2). The goal was to stop
the hypersonic jet, but at the same time allow the gas to escape quickly on the edges of the
plate while being constantly replaced with a continuous renewal of hot gas. The cylinder is
mounted directly onto the HES fixed by a ring and three threaded rods used to adjust the
distance between the Laval nozzle exit and the plate. As the entire device can be moved
horizontally with an actuator in front of the CRDS laser beam, this configuration has the great
advantage of being able to probe different regions of the flow upstream and downstream of
the shock wave.

The metal tubes prolonging the optical cavity inside the vacuum chamber are brought quite
close to the shock and flushed by a substantial flow of nitrogen (Qy,= 4 slm). The nitrogen flow
is to ensure the protection of the high-reflectivity mirrors because this setup has a more
significant radial velocity component and a much hotter gas is present on the axis of the laser
beam compared to the hypersonic jet setup. Figure (4.3) exhibits the experimental setup in
operation with the glowing hot Laval nozzle on the left, and the shock generator stainless steel
cylinder on the right, reflecting the radiation of the HES.
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Shock-generator body

Laval nozzle
* Suspension of the cylinder
Figure 4.2: Insertion of the suspended cylinder in order to generate the shock
Shock-generator body
Laval nozzle

Figure 4.3: Experimental setup during measurements. On the left the glowing graphite Laval nozzle, and on the right the
reflection of the hot Laval nozzle and the radiating reservoir graphite rod
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4.4 CFD simulations and flow field analysis of the shock layer

The same as for chapter I, the first overview of the properties of the flow field is provided by
numerical CFD simulations. By this means, a first estimate of the position, shape and
characteristic flow variables of the shock front and shock layer could be studied. Regarding the
boundary conditions, the stagnation temperature of argon was set at 1400 K with a stagnation
pressure equal to 1500 Torr. The expansion chamber was set at 296 K and 0.5 Torr. The cylinder
was defined with a heat-flux, allowing the correct modelling of the heat transfer from the gas
to the shock generator body.

In contrast to the laminar simulations performed in chapter I, the realisable k — € turbulence
model was used to ensure the good performance of the viscous simulation. The model includes
two additional transport equations that correctly describe the effects of flow turbulence. As
suggested in the name of the model, k describes the turbulent kinetic energy, meanwhile €
corresponds to the turbulent dissipation term and determinates the scale of the turbulence.>*°

Figure (4.4) demonstrates the obtained simulation results along the jet. The upper panel
displays the temperature contour of the flow field between the nozzle exit and the cylinder.
About 10 mm downstream of the nozzle exit is the outline of the shock front. Behind the shock,
the shock layer is characterised by a high temperature reaching the stagnation temperature of
1400 K, right in front of the shock generator body. In conclusion, to probe the hottest region of
the flow, the laser beam, perpendicular to the hypersonic jet, must be positioned as close as
possible to the cylinder. Keep in mind, however, that a small portion of cooler gas
corresponding to the front (green) region is also probed. This case is the exact opposite of the
hypersonic jet scenario with the cold flow region surrounded by a hot shear-layer. The specific
contribution of this cooler gas region is studied in figure (4.5).

Accordingly, the lower panel of figure (4.4) shows the evolution of the Mach number (green)
and the temperature (red) along the jet axis. It is remarkable how the Mach number drops
below unity almost instantly after reaching the front of the shock wave and, correspondingly,
the temperature value essentially rises from that front and then continues to increase up to
the cylinder.
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Figure 4.4: CFD simulation of the flow field downstream of the nozzle exit and upstream of the shock generator body. Upper
panel: temperature contour. Lower panel: Evolution of Mach number (green) and temperature (red) along the jet axis.

An axial study of the flow helps to locate the position and shape of the shock and, as expected,
indicates the most valuable flow region to be probed for spectroscopic measurements, i.e. the
closest possible to the shock generator body. Nevertheless, to better characterise the
specificities of the region to be probed by the laser, in-depth analysis in the radial direction was
carried out 19 mm downstream of the nozzle exit. It is interesting to compare the results of the
shock wave simulation with the ones from the hypersonic jet obtained in chapter Il (see figure
(2.6)).

Panel (a) in figure (4.5) represents the radial distribution of the temperature and
highlights the presence of the hot region of the shock whose diameter (@d = ~20 mm) is double
the one of the isentropic core (@d = ~10 mm) of the hypersonic jet. The panel also reveals the
existence of cooler surrounding layers of about 500 K. Regarding the radial pressure
distribution, panel (b) highlights a much higher pressure in the central region of the shock layer
than the one prevailing in the expansion chamber. Accordingly, as panel (c) shows, this high-
density region is favourable to spectroscopic measurements. Compared to the isentropic core
of the hypersonic jet, the shock layer will provide an interesting signal-to-noise ratio by
combining a larger absorption path (20 mm against 10 mm for the isentropic core) with a
greater molecular density. Finally, the normalised profiles of the temperature, pressure and
density are shown in panel (d). Interestingly, the external cooler part of the front shock is
associated with an important drop of the density. Thus, it is expected that the majority of the
molecules probed will come from the hot core of the gas, with a minority contribution from the
colder outer layers.
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Figure 4.5: Cross section CFD simulation of the shock wave 19 mm downstream of the nozzle exit. Panel (a) represents the
temperature radial distribution, panel (b) shows the corresponding pressure values and panel (c) highlights the density
properties of the shock. Panel (d) compares the evolution of the temperature (green), pressure (red) and density (blue) curves
through their normalised values.
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4.5 Experimental characterisation of the shock

4.5.1 Location of the shock front

Following the numerical characterisation of the shock, a preliminary spectroscopic diagnosis
was carried out using CO as a tracer molecule. In a first approach, R1 and R9 transitions were
recorded by scanning the flow from upstream to downstream of the shock in steps of 1 mm.
The R1 transitions are representative of the cold areas of the flow, while the R9 transitions are
sensitive to the hot areas.

A flow rate of 19 sim of argon was admixed with 1 sim of CO, while the heating system was set
to its maximum current (153 A) and therefore maximum power. The stagnation temperature is
estimated to be around 1300 K, and the corresponding stagnation pressure is measured at 1775
Torr, meanwhile the expansion chamber was maintained at 0.5 Torr.

A typical ring-down time of 230 us was obtained, leading to equivalent absorption path lengths
of 860 and 1720 m through the ~10 mm isentropic core diameter of the hypersonic jet and the
~20 mm shock layer diameter, respectively. The baselines are systematically adjusted to zero,
which means that the absorption caused by the mirror surface is eliminated from each line in
order to allow a better qualitative comparison. Figure (4.6) reveals that up to 9 mm away from
the obstacle the laser beam passes through the hypersonic jet without interfering with the
shock front. At approximately 8 mm from the plate, the change in the R1/R9 intensity ratio
indicates a rise in temperature that continues to increase as the laser beam approaches the
cylinder. By comparing these results with the CFD simulations, a slight shift of 1 to 2 mm can
be spotted in the location of the shock front. This could originate from the inaccurate definition
of the position of the cylinder, as well as the imprecise displacement of the HES as the 1 mm
difference in resolution is about the limit of the driving servo motors. Of course, this small
discrepancy could arise from the numerical calculations as well. Regardless, the quantitative
evolution of the extracted translational temperatures from the Doppler linewidths is in good
agreement with those simulated by CFD.

Translational temperatures are extracted by fitting the lines with a Doppler line profile, after
verifying that the pressure line broadening would be negligible. Indeed, the jet pressure
upstream of the shock front is about 0.05 Torr (see chapter Il) while the Mach number is about
12 (see figure (4.4)). A static pressure downstream of the shock of about 9 Torr can be easily
estimated from equation (4.7), corresponding to partial pressures of 112.5x10* atm and
5.9x10*% atm for argon and CO, respectively. The default values of the pressure broadening
coefficients (HWHM) provided by the HITRAN database (Lgpny, = 0.0600 cm™.atm™ and Lge;r=
0.0750 cm*.atm™) have been used to calculate a pressure line broadening of 0.0014 cm*
(FWHM), which is relatively small compare to the Doppler line broadening (~0.027 cm™
(FWHM) at 1000 K). The measured translational temperature is shown at the bottom of figure
(4.6). A value of approximately 60 K is extracted from the hypersonic jet (R1 lines), upstream of
the shock front, while a temperature varying between 412 to 1307 K is probed in the shock
layer (R9 lines), downstream the shock front. Right at the shock front, 8 mm from the cylinder,
two different temperatures of 184 K and 650 K are retrieved from the R1 and R9 lines,
respectively. Two reasons can explain the simultaneous presence of these two temperatures.
The first is related to the concave shape of the shock layer that develops in front of the cylinder.
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As can be seen in figure 4.4, at 8mm from the obstacle, the laser is mainly contained in the
thickness of the shock front (green area in the figure) but it also crosses a small distance over
part of the external flow still hypersonic (blue area in the figure). The second reason is related
to the qualitatively bimodal character of the molecular velocity in the shock that is derived from
the distribution functions on either side of the shock and observed by laser induced
fluorescence® or by Raman spectroscopy*°. This bimodal velocity distribution reflects the
abrupt transition between the very different upstream and downstream conditions.
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Figure 4.6: Scan through the flow from upstream of the shock front down to the shock generator cylinder. The pink arrow
indicates the position in the flow, the upper panel represents the R1 transitions and the lower panel corresponds to the R9 ones.
Below, the blue-red arrow reveals the temperatures retrieved from the Doppler linewidths.

4.5.2 Evolution of the rotational and vibrational temperatures trough the shock

Once the position of the shock was determined, focus shifted to the evolution of the vibrational
and rotational temperature through the shock. A series of spectra were recorded in steps of 1
mm starting from 10 mm from the cylinder. Figure (4.7) shows an example of a recorded
spectrum (laser positioned at 6 mm from the cylinder) where a part of the P-branch of the 3-0
cold band and the tail of the R-branch of the 4-1 hot band are missing due to the lack of the

138



Chapter IV Post-shock spectroscopy

corresponding diode. Nevertheless, as expected, the relatively large observed number of
rovibrational lines of the 3-0 R-branch indicates a much higher rotational temperature in the
post-shock region than upstream, in the hypersonic jet, where the same R-branch is limited to
Jmax = 10
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Figure 4.7: CO spectrum recorded in the shock layer at 6 mm from the obstacle. R- and P-branches of the 3-0 cold band and a
part of the R-branch of the 4-1 hot band are shown.

Figure (4.8) shows the evolution of the R-branches of the 3«<-0 cold (blue) and 4«1 hot bands
(red) during the variation of the position of the laser. Panels (a) and (b) are relative to the
conditions upstream of the shock, where the most intense line corresponds to J = 2 and the
high-J rotational levels are depopulated and therefore do not contribute to the recorded
spectra. Panels (c) to (f) correspond to spectra recorded between 1 and 8 mm from the cylinder,
where the laser beam passes through the shock layer. The overall shape of the recorded R-
branches is profoundly modified by the significant increase in the rotational temperature. The
most intense line shifts progressively towards higher J values and high-J rotational lines become
more and more visible, up to R45 in panel (f), as the laser beam approaches the obstacle. At
the same time, as evidenced by the increase in the absorption coefficient, the density of the
probed molecules gradually increases from the shock wave to the obstacle (from panels (c) to

(f)).

These observations nicely confirm the CFD simulations, that is to say a gradual increase in
temperature and density as the subsonic flow of the shock layer approaches the obstacle. It
therefore seems that the most favorable position of the laser for performing spectroscopy of a
hot gas is that which is as close as possible to the obstacle.
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Figure 4.8: CO spectra of the R-branch of the 3«0 cold band (blue) and the R-branch of the 4«1 hot band (red) recorded at
different positions of the laser in the flow field, starting upstream from the shock (panel (a)) up to the cylinder (panel (f)).

To determine the rotational and vibration temperatures, a standard Boltzmann plot method

was applied (see

figure (4.9)).

However, this time, the contribution of the shear-layers

surrounding the isentropic core has not been removed from the measured integrated
absorption coefficients, so that the obtained rotational temperature describing the hypersonic
jet is certainly slightly overestimated (according to paragraph 2.4.2, the error made if the
absorption coefficients are not corrected for the contribution of the hot gas layer is 1.4 K). The
same applies to the shock layer. The contribution of the external part of the shock layer has not
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been taken into account, so that the obtained temperature is this time probably slightly
underestimated.

The rotational temperatures have been exclusively extracted to the more intense R-branch of
the 3«0 cold band (blue), while the vibrational temperatures have been extracted from the J
=0, 1, 2 rovibrational lines of the 3«0 and 4«1 vibrational bands. Panel (a) in figure (4.9)
represents the temperatures upstream of the shock (10 mm away from the body),
unsurprisingly showing a strong non-LTE regime characterised by T,r = 37(2) K and Tup =
1296(87) K. The rotational temperature only slightly increases when the laser beam is brought
closer to 1 mm from the shock wave (panel (b), 9 mm away from the body), the vibrational
temperature remaining unchanged. The rotational temperature then undergoes a sudden
increase as it passes through the shock (panel (c), 8 mm from the body) and continues to
increase progressively up to the obstacle (panels (d) to (f)), converging to the vibrational
temperature which remains more or less constant, given the measurement uncertainties. This
series of measurements shows that the rotational relaxation closely follows the temperature
evolution of the translational temperature. However, the vibrational temperature does not
relax from the nozzle exit, throughout the hypersonic jet and astonishingly in the shock layer
as well remains Ty ~ 1300 K. As explained in chapter II, the stagnation (or total) temperature
is difficult to measure but it remains probably very close to 1300 K all along the flow field, from
the reservoir to the blunt body. Nevertheless, it is surprising to see that the vibrational
temperature does not equilibrate with the translational and rotational temperatures despite
the significant stagnation pressure close to 10 Torr in the shock layer.
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Figure 4.9: Representation of the evolution of the vibrational and rotational temperatures, highlighting the surprising
behaviour of the vibrational temperature.
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Figure 4.10: Boltzmann plots corresponding to the recorded spectra of figure (4.8).

In conclusion, the CO molecules probed in the post-shock layer are still in a non-LTE regime
with (Trans = Trot) < Tuin. However, they present a much less marked non-equilibrium than in the
hypersonic isentropic core (Twans = Trot <K Tuip)). It has thus been demonstrated that the post
shock spectroscopy gives access to high-J rovibrational states and high vibrational energy
states. This new approach was then applied to the spectroscopy of methane.
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4.6 Methane post-shock spectroscopy

The post shock methane spectrum was recorded under two different temperature conditions
in the 5877-6216 cm™ spectral range, with a gap between 6139-6183 cm™ due to the lack of
the appropriate laser diodes. Firstly, similar to what was done for CO, 19 sIm of argon was mixed
to 1slm of CH4 at a stagnation pressure of 1413 Torr and the pressure in the expansion chamber
was set to 0.5 Torr. Later, a second spectrum was recorded with a reduced argon flow of 10
sim which resulted in a higher stagnation temperature and therefore higher post-shock
rotational and vibrational temperatures. Datasets recorded under different temperature
conditions allow the investigation of the temperature dependence of the recorded lines and
facilitate the determination of the position of the hot bands.

The exhaustive analysis of the post-shock methane spectra is still ongoing and the
results are being prepared for submission to a peer-reviewed journal. Nevertheless, a
preliminary simulation was carried out for a first glimpse of the results. Following the outcome
of the CO experiments, non-LTE conditions were considered, thus the rotational and vibrational
temperatures were fixed respectively at 850 K and 1000 K. The results show a discrepancy for
the lines around 6100 cm™ testifying to the error introduced by attempting to model the
spectrum with one single vibrational temperature.
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Figure 4.11: Upper panel: experimental post-shock spectrum of 1 slm methane admixed to 10 sIm argon. Lower panel:
preliminary simulated spectrum at T,o:= 850 K and T, = 1000 K.

In chapter Ill, a part of the 964 K LTE spectrum recorded by the LiPhy laboratory was
shown. At this stage of the investigation, this spectrum (green) was compared to the post-shock
spectrum of Rennes (red) in figure (4.12). At first glance, only minor differences can be spotted
between 6000-6005 cm™ between the two spectra, underlying the slight non-LTE nature of the
post-shock spectrum.

143



Chapter IV Post-shock spectroscopy

1.5 T T T T T T T

Post-shock
1} T,;,=1000 K ]
T, = 850 K

05 .

o /a.u.

T

0.5

L )
1 LTE 964 K [

Grenoble
1.5 — ' . .
5975 5980 5985 5990 5995 6000 6005

Wavenumber /cm™

Figure 4.12: Comparison of post-shock spectrum (red) recorded in Rennes with the LTE 964 K spectrum obtained in Grenoble.

Finally, figure (4.13) compares the post-shock spectrum (red) to the hypersonic jet spectrum
(black). Panel (a) exhibits the whole spectra and reveals the remarkable difference, such as the
increased intensity peaks in the post-shock spectrum corresponding to the high-/ rotational
states. It has to be remembered that in the hypersonic jet spectrum, the most intense peaks
corresponding to the low-J rotational levels of the cold bands are truncated. Panel (b) is a zoom
into the two spectra and underlines the key features of the two approaches. In case of the post-
shock CRDS approach, the spectrum exhibits a more complex —and more complete — rotational
structure and hot bands involving excited vibrational states, but this comes at a price of
systematic overlapping transitions and broadener lines. Conversely, the hypersonic jet CRD
spectrum results in much narrower peaks, ideal for a precise determination of line positions.
However, this spectrum only contains information on low-J rotational energy levels.

In conclusion, post-shock CRD spectroscopy is a new technique that complements hypersonic
jet spectroscopy well. The combination of these two approaches has produced valuable
spectroscopic data which will unravel the complex structure of the high temperature spectrum
of methane.
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Platypus project

“Tempora mutantur et nos mutamur in illis.”*

DU METHANE A ETE DETECTE DANS L'ATMOSPHERE
DES JUPITERS CHAUDS.

méthane acéty\éné ékhane thjléne

J,

JE VOUDRAIS SAVOIR §i D’AUTRES HYDROCARBURES SONT
EGALEMENT PRESENTS, ET EN QUELLES QUANTITES.

$Times are changed, we also are changed with them.?
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5.1 Platypus project

Platypus: “a semiaquatic egg-laying mammal which frequents lakes and streams in eastern
Australia. It has a sensitive pliable bill shaped like that of a duck, webbed feet with venomous
spurs, and dense fur.”?

The SMAUG experimental setup coupled with cavity ring-down spectroscopy was of
great interest to Professor Christine Charles of the Space Plasma, Power and Propulsion (SP3)
laboratory, of the Australian National University (ANU), one of the world specialists in plasma
space propulsion. Development of electrothermal mini-thrusters requires technical expertise
to characterise the plasma jets, which is a similar process to the characterisation of the SMAUG
flows. Such characterisation includes precisely determining the partition of the internal energy
into the different degrees of freedom, such as translational, rotational and vibrational energy.
The thrusters developed at the ANU are built to power so-called CubeSats?, a standardised
satellite form factor of 10x10x10 cm3 and 1.33 kg, which allow efficient access to space studies
via numerous possible launch vehicles.* Thousands of small satellites of this type will be
launched over the next decade, inducing a space revolution in the fields of Earth imagery®, the
internet’8, navigation® and localization by GPS and weather forecasts.°

The new collaboration between the research groups at Canberra and Rennes aims to
study both applied and fundamental physics via shared expertise founded upon the very similar
working principals of SMAUG and plasma thrusters. Investigations on expanding plasmas can
help the development of new space thrusters and at the same time deliver new spectroscopic
data on strong out-of-equilibrium thermodynamics. This latter application is targeted in this
doctoral work to test its ability to contribute to models of exoplanet atmospheres. The joint
project consists of the development of a transformed planar Pocket Rocket!!, whose nozzle
resembles to the beak of a platypus. This plasma source was adapted to be coupled with
SMAUG and to produce high-vibrational energy out-of-equilibrium plasma expansions of
various molecules which can be then characterised by CRDS.

Supersonic plasma
expansion

Transformed Pocket Rocket

Figure 5:1: Platypus project
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5.2 Plasma

Plasma is a quasineutral gas of charged and neutral particles which can be described with a
collective behaviour.'? As the charged particles move around they can generate local negative
and positive charge concentrations which produce emerging electrical fields. The movement of
these charged particles creates current as well and subsequently magnetic fields are generated.
Conversely, these fields influence the motion of the charged particles. Therefore, the term
“collective behaviour” refers to the fact that the motion of the particles depends not only on
the local conditions and collisions but also on the state of the plasma in a wider zone.

To understand the term quasineutral, first of all the quantity of Debye length (Ap) has to be
introduced:
kT,
b= (o)
b ne?

Where, g,- vacuum permittivity, n — number of particles per m3, k - Boltzmann constant, Te -
electron temperature and e — electron charge. The Debye length describes the shielding
distance in the plasma. In order to be able to call an ionised gas a plasma, this Debye length
must be much smaller than the characteristic length (L) of the system. This criterion ensures
the quasineutrality, meaning that local charge concentrations or external potentials applied to
the system do not create large electric potentials or fields within the system.

1
2 5.1

This shielding effect can only take place if enough particles (Np >>1) are present in the charged
cloud. The following equation describes the number of particles in the so-called Debye-sphere:

4
Np = ngn)% 5.2

Finally, a third condition must be fulfilled in order to consider a gas a plasma. Namely, the
motion of the particles has to be determined by electromagnetic forces rather than
hydrodynamic forces. In practice, it means that the product of the frequency of the plasma
oscillation (w) times the mean time (t) between collisions with neutral atoms must be greater
than unity:

w.T>1 5.3
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5.3 RF plasma source

The radiofrequency (RF) plasma source adapted to work with CRDS was based on the “Pocket
Rocket” (PR) electro-thermal capacitively-coupled RF plasma thruster operating at 13.56
MHz.12 The main difference is the modified outlet section, which has been designed in a
rectangular shape, thus the name platypus. This intends to increase the absorption path
compared to the original circular aperture, and to reduce the strong Doppler line broadening
induced by the jet divergence associated with a circular sonic nozzle.**

5.3.1 RF Impedance matching network

Using a radiofrequency electrothermal heating element requires a finely tuned network with
high quality, low impedance transition lines of a carefully selected length. It ensures the best
power transfer from the generator to the plasma chamber. Figure (5.2) represents the
schematic chain of this network. At the beginning of the chain, the RF generator with an inbuilt
crystal oscillator creates RF waves of 13.56 MHz, which happens to be a commercially
permitted broadcast frequency. These waves undergo a huge amplification and then enter the
low pass filter, which cuts off the higher frequencies of the output signal. The Standing Wave
Ratio (SWR) meter gives information on how much power is transmitted to the plasma chamber
by revealing the ratio of the transmitted and reflected amplified signal. The reflected signal
does not participate in the plasma creation. Finally, the matching box, using a collection of
variable resistors and capacitors, ensures a resonance between the input signal and the plasma
chamber. To accomplish its task the capacitance and impedance are tuned to give the
maximum power coupling with the plasma chamber. The platypus plasma source has a 30 W
maximum output power for generating plasma. Figure (5.3) shows the components of the
impedance matching network.

RF Generator Amolifler Low Pass
13.56 MHz P Filter
Platypus Standing Wave Q
Ratio Meter

Matching Box '
- ~/— SWR /
[ Jeee E

Figure 5.2: Schematic representation of the RF impedance matching network
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Components of the plasma
source

1. Drive board (red chip)
2. Amplifier

3. Standing wave ratio
meter

4. Matching box

5. Power source for drive
board

6. Power source for
Amplifier

7. Pocket rocket plasma
simulator

Figure 5.3: Components of the platypus RF impedance matching network

The goal was to implant the platypus plasma source into SMAUG and to create a
supersonic plasma expansion. This new heating source comes with several advantages. First,
contrary to the graphite heating element of the HES, the plasma source is not sensitive to
molecules containing oxygen and therefore molecules such as water or carbon dioxide could
be studied at high temperature using this technique. Another interesting feature of the plasma
heating element is the way it excites the gas. Specifically, the vibrational energy levels are
already more excited than the rotational levels in the reservoir, before any expansion.®
Emission spectroscopy of nitrogen plasma revealed a rotational temperature To: =575 Kand a
vibrational temperature T,» = 1500(100) K strong out-of-equilibrium condition within the
plasma chamber.
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Figure 5.4: Estimation of plasma chamber temperature using LIFBASE Software Spectroscopy Tool. The work was carried out by
Vijay Amrut Raj Sunuganty in his Internship report: High temperature molecular spectroscopy.
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Passing the plasma into a low-pressure chamber through a supersonic expansion should
result a strong non-LTE conditions and provide interesting, vibrationally hot, rotationally cold
spectra. Last but not least, the plasma source should be able to overcome the upper reservoir
temperature limit of the HES at around 1400 K.

RF input

gas input

rectangular
nozzle exit

laser

20 mm

Figure 5.5: The transformed Pocket Rocket into a planar RF plasma source with its adapted rectangular nozzle exit.
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5.4 Implantation into SMAUG

The platypus plasma source is designed to replace the HES heating element of SMAUG. A main
challenge of the insertion of the developed model into SMAUG was the fact that part of the RF
plasma thruster warms up significantly throughout its operation. Therefore, it could not be
inserted into the low-pressure chamber directly for the fear of failure of the components due
to a lack of cooling.

Therefore, an extra cooling element was made in order to ensure the functioning of the SMA
feedthrough. A cylinder has been used to create a space of atmospheric pressure within the
vacuum chamber. This cylinder was connected via flexible steel tube to the outer wall of the
vacuum chamber. This tube ensures a continuous — all in atmospheric pressure - route for the
BNC cables from the power supply to the platypus plasma source.

Cylinder maintained
at atmospheric pressure

Gas inlet

Water cooling
module

SMA feedthrough

Figure 5.6: Implantation of the platypus plasma source into SMAUG

Figure 5.7: Photo of the rear window of the operational platypus plasma source
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5.5 Visualisation of the plasma expansion

First of all, it was necessary to verify if the expansion was indeed supersonic. As the rectangular
nozzle outlet has an 80 mm? area which is enormous compared to the previously used Laval
nozzle, where the throat area is equal to 3.14 mm?, it was not sure that the necessary critical
pressure ratio downstream-upstream of the nozzle throat could be established. The following
figure (5.8) demonstrates the visual evidence of the supersonic jet. In panel (a), a 0.5 slm
reduced flow rate argon gas expansion is presented which results in a probable subsonic
expansion. Conversely, panel (b) exhibits an increased flow rate of 8 silm of argon which results
in a supersonic flow. This feature of the plasma jet is justified by the presence of shock
diamonds which can only occur in case of an expansion with Mach number greater than unity.*®

a b

Shock
diamonds

0.5 slm 8 slm

Figure 5.8: Expanding plasma into a low-pressure chamber. Panel (a) represents a subsonic expansion, when a small gas-flow
of 0.5 sim argon was expanded through the rectangular outlet. Panel (b) exhibits an increased flow rate of 8 slm argon where
the shock diamonds testify for the supersonic characteristic of the flow.
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5.6 Preliminary study with carbon monoxide

To characterise the plasma expansion, and to verify the out-of-equilibrium conditions, once
again CO was used as a test molecule for spectroscopic study. 0.5 sIm of carbon monoxide was
admixed with 10 sim of argon and the plasma expansion 20 mm downstream of the nozzle was
probed by the CRDS. In this first run, the pressure before the expansion could not be measured,
but in the future a pressure tap will allow access to this precious information. The expansion
chamber was maintained at 0.05 Torr.

Two sets of R-branch transitions corresponding to the 3«<-0 cold band and to the 5«2 hot band
were recorded and analysed. Due to the lack of numerical simulations and Pitot measurements,
there was no prior understanding of the plasma jet regarding its shape, the Mach number,
radial and axial velocity components, etc. The increased nozzle outlet section and the absence
of the special contoured nozzle profile caused consternation that the “Batman-shaped” lines
would return to the spectra.* However, it is evident that this phenomenon has been eliminated
after analysing the first RO line corresponding to the 3«<-0 cold band represented in figure (5.9).

Figure (5.9) shows a Gaussian fit over the recorded peak and reveals a remarkably narrow line,
with the corresponding FWHM only 0.0056 cm. This Doppler width corresponds to a static gas
temperature of 41 K. As RO is only populated in cold flow regions, it contains no information on
the potential surrounding hot shear-layers. Consequently, the obtained narrow line suggests
that the isentropic core has little radial component.

0.1
data
A — fitted curve
008 I %p\ |
J 1
‘£ 0.06 ‘ \*
(8]
3 |
<004 |
(o]
0.02 [
.

6354.12 6354.14 6354.16 6354.18 6354.2 6354.22 6354.24
Wavenumber /em™

Figure 5.9: Gaussian fit of the RO line of the 3-0 cold branch revealing a remarkably narrow line (FWHM = 0.0056 cm™) and a
corresponding 41 K static Doppler temperature.

This is not the case for transitions issuing from higher-/ rotational levels. Figure (5.10)
represents R4 and R5 transitions which both are sensitive not only to the cold contribution of
the isentropic core of the plasma jet but the hotter surrounding layers as well. On the left panels
the recorded experimental data (blue dots) and a single Gaussian fit (red line) are demonstrated
to retrieve higher static temperature values, 51.7 K and 79 K respectively. To distinguish
between the two flow regions, the transitions corresponding to higher-J levels had to be fitted
with two Gaussians. With this method, the isentropic core has a characteristic temperature of
41(3) Kand the shear layers with a 290(10) K, as represented in the right panels of figure (5.10).
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Figure 5.10: Recorded R4 and R5 transitions and the two-Gaussians fitting method to distinguish between the cold isentropic
core of the plasma jet and the surrounding shear-layers. Panel (a): recorded R4 data points (blue dots) and the single Gaussian
fitted over them (red line). Panel (b): The two-Gaussians method assigns a Gaussian profile for the cold isentropic core (blue)
and the hot shear-layers (red). Panel (c): recorded R5 transitions and the corresponding single Gaussian fit. Panel (d): double-

Gaussian fit corresponding to the R5 line.

5.6.1 Rotational and vibrational temperatures

Figure (5.11) represents the integrated absorption coefficients corresponding to the recorded
3«0 cold band (blue) and the 5«2 hot band (red). The presence of the hot band lines confirms
that the high vibrational levels were indeed excited. Conversely, the fact that the most intense

lines correspond to Jmax = 2 testifies for a rotationally cold gas.
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Figure 5.11: Integrated absorption coefficients of the recorded 3-0 cold band (blue) and the 5-2 hot band (red).

The rotational and vibrational temperatures were determined by the usage of the Boltzmann
plot method. Figure (5.12) exhibits a remarkably cold rotational temperature of 28(2) K
accompanied by an exceptionally high vibrational temperature (over 2300 K) with these results
represented in table (5.1). This rotational temperature being below the extracted Doppler
temperature of 41(3) K reveals the presence of a small radial component in the isentropic core.

Regarding the different vibrational temperatures, in practice, the values corresponding to the
transitions J = 0,1,2 and 3 and the average retrieved from these temperatures should be
considered as the characteristic one. Indeed, they are not perturbed with the contribution of
the hot gas from the shear-layer as well as the eventual more significant radial velocity
component at the border of the plasma jet and therefore they should deliver a more precise

result.

Table 5.1: Vibrational temperatures for each J rotational couples by using the Boltzmann plot method

Jlevel Tuin /K Average
Ro —Ro 2492

R1—R: 2340

R, <R, 2362 2394 + 67 K
Rs—Rs 2383

Rs—R4 2678

Rs —Rs 2982 2878 +173 K
Rs —Rs 2976
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Figure 5.12: Boltzmann-plot of the CO lines recorded in the plasma jet.
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5.7 Conclusion

By using carbon monoxide to test our initial assumption, namely that a cold plasma source with
a power output of 30 W could deliver a useful out-of-equilibrium plasma jet for spectroscopy,
some important results were obtained. In particular, the impressively hot vibrational
temperature around 2400 K, combined with a favourably low 28(2) K rotational temperature.
Furthermore, it was satisfying to see that the large rectangular nozzle outlet delivers an
expansion with high enough density for the CRDS to detect the transitions of CO and at the
same time avoid unwanted line broadening.

The future of the platypus project is to follow the same path as the Laval nozzle
experiments: to record spectra of vibrationally hot methane. Although, there is a possibility
that the methane will partially dissociate in the plasma discharge and would form radicals. Later
these radicals could recombine into more complex molecules. The contribution of these new
molecules would cause parasitic lines to appear in the absorption spectrum, which would
complicate the analysis of the recorded spectra. Despite this, the experimental setup could be
used with molecules which had been excluded from study using the HES because of the
sensitivity of the graphite heating element. Supplementary development of the platypus source
includes upgrading to a newly developed inductively-coupled RF plasma-system which
operates at 40.68 MHz!/ instead of the current 13.56 MHz. This new RF source would deliver
potentially even higher vibrational temperatures. Alternatively, the shape of the nozzle could
be better adapted into a tighter nozzle outlet area, which would result in a higher pressure-
ratio downstream-upstream of the throat and accordingly a higher Mach number and lower
translational temperature of the plasma jet.
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Conclusions and perspectives

“Non sum qualis eram”?

MON TRAVAIL SE FAIT EN COLLABORATION AVEC DES ASTROPHYSICIENS ET DES CHIMISTES THEORICIENS, QUI ME FOURNISSENT
DES PISTES OUE JE PEUX V[RIFIER COMME Si J [TAIS SUR PLACE, A DES DIZAINES DE MILLIARDS DE KILOMCTRES |

) am not as | was” - Ernest Dowson
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Conclusions

A state-of-art experimental system has been developed and used to produce fundamental
information on the hot spectrum of methane, a key molecule in the atmosphere of hot Jupiters,
to help the construction of ab initio variational theoretical models. Primarily, a new optimised
contoured Laval nozzle was designed and manufactured before being implanted into the
SMAUG experiment. The goal of this addition was to produce a strong out-of-equilibrium,
quasi-unidirectional jet to overcome the drawbacks inherent in free jet expansions. Namely a
strong Doppler broadening due to a significant radial velocity component of molecules in the
jet and the presence of extreme temperature and density gradients. The performance of the
new setup with the nozzle was investigated by means of CFD simulations, 2D Pitot
measurements and spectroscopic diagnosis using CO as a tracer molecule. The results
demonstrate that the new setup produces a non-LTE quasi-unidirectional hypersonic flow
limiting absorption line broadening. The expanded molecules are characterised by high
vibrational and low rotational temperatures, thus magnifying the low-J rovibrational line
intensities of the very many hot bands responsible for the complexity of high temperature
infrared spectra of polyatomic molecules.

Next, a non-LTE spectrum of methane was recorded and analysed. After confirming that
the non-LTE conditions are also met with this molecule, an in-depth spectroscopic study has
been carried out. First of all, the characteristic temperatures were extracted. The cold
rotational temperature of 39 K determined with a Boltzmann plot demonstrates effective
rotational relaxation and delivers a simplified rotational spectrum structure that allows line-by-
line analysis. Regarding the vibrational relaxation, the picture is more complex. Two types of
relaxation processes take place in parallel. On one hand, there is a highly efficient intra-polyad
relaxation that depopulates the highest vibrational energy levels of each polyad, concentrating
the population on the lowest energy levels of each polyad. Conversely, the relaxation between
polyads is weak, so that the initial vibrational population remains trapped within each polyad.
This phenomenon results in characteristic vibrational temperatures above the reservoir
temperature and allows the detection of transitions starting from the pentad and octad. Up to
date, 22 new lines have been assigned, however many more lines are yet to be investigated in
the recorded spectrum. Further systematic work has to be performed to assign the whole
spectrum and to include the newly identified lines in spectroscopic line lists.

In the third part of the thesis, the post-shock CRDS, a novel experimental approach, has
been developed to record the high temperature spectrum of methane by probing the gas layer
behind a steady shock wave. The shock layer was preliminary investigated by means of CFD
simulations and spectroscopic measurements using carbon monoxide as a test molecule
revealing conditions close to the LTE conditions. Two spectra of methane were recorded in two
different temperature conditions. A preliminary analysis of the methane spectra was
performed, showing promising results.

Finally, as a side project to the main SMAUG setup, an alternative heating source was
investigated with a view to replacing the HES and to overcome its limitations in terms of the
highest achievable temperature as well as the constraint of investigable molecules due to the
reactivity of the graphite rod. A collaboration with the SP3 laboratory in Australia provided a
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transformed Pocket Rocket plasma source which was installed into SMAUG. The performance
of this new technology coupled with the CRDS was investigated by the usage of carbon
monoxide molecule once again. The initial results are interesting, since a low rotational
temperature of 28 K and a very high vibrational temperature of 2394 K were obtained. This
indicates that SMAUG with the pocket rocket could be very useful for future spectroscopic
studies.

This thesis focused on the development of experimental approaches to produce high
temperature, high-resolution spectral laboratory data and in particular the study of the
methane molecule. The accomplished developments and technical innovations contributed to
overcome the drawbacks that appeared in the previously investigated free-jet expansion and
offered an alternative course to investigate a wider range of molecules than was previously
possible. The thesis work successfully delivered unprecedented infrared spectroscopic data of
methane and transitions precious to hot radiative transfer models involving the high vibrational
energy levels close to 10000 cm™.
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Perspectives

The recorded spectra of methane have yet to be fully investigated and the remaining
information will be evaluated in the near future. This thesis was interested in the methane
molecule, but SMAUG is ready to receive other hydrocarbons such as acetylene, the presence
of which has already been confirmed in the atmosphere of hot Jupiters, or ethylene and ethane
which are suspected to be present there.

From a technical point of view, in order to increase the absorption path length of the
cold, isentropic part of the cavity, a planar nozzle is currently under development which will be
equipped with a new ceramic heating system. This new method of producing a planar jet will
considerably reduce the contribution of the shear-layers in the recorded spectrum, therefore
facilitating straightforward analysis. At the same time, the sensitivity of the system will grow
and transitions which could have been hidden in the current setup will become detectable.
Lastly, substituting the graphite heating element with a ceramic one will allow investigations of
numerous new oxidizing molecules.

In addition, the platypus plasma source must be explored in future studies. Firstly, the
spectrum of methane should be recorded and compared to that recorded using the HES. This
future spectrum will contain information on even higher vibrational energy states, involving
very high polyads. Alternatively, the transformed Pocket Rocket could contribute to the
investigation of the efficiency of miniaturized propulsion systems. Solid fuels provide a high
amount of energy in a small volume which through electrothermal heating, such as in the
Pocket Rocket, forms a high temperature plasma. The propulsion efficiency relies on optimal
conversion of thermal energy into the translational energy of the ionized gas in order to move
the satellite. Our collaborating research partners at the ANU in Canberra have already carried
out promising early push tests and have high hopes for naphthalene (C10Hsg) as a plasma source.
Naphthalene is the simplest of the polycyclic aromatic hydrocarbons (PAHs) that are thought
to be ubiquitous in the interstellar medium and also thought to be partly responsible for the
famous diffuse interstellar bands that have intrigued astrophysicists for a century. SMAUG, with
its innovative diagnostic system would allow a precise study on how the thermal energy initially
imparted to naphthalene by the microwave discharge is distributed into the translational,
rotational and vibrational energy levels of the gaseous molecules. Remark that only the
translation of the molecules acts on driving the satellite; the energy trapped in the rotation and
vibration is unfortunately wasted. Probing plasma flows of naphthalene with CRDS would allow
a precise determination of which degrees of freedom the energy of the naphthalene molecules
is distribute to during the propulsion phase. Simultaneously, the produced infrared data could
be used to model the very complex molecular structure of CioHs at high temperature.
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The End
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ABSTRACT

A small dimension Laval nozzle connected to a compact high enthalpy source equipped with cavity ringdown spectroscopy (CRDS) is used
to produce vibrationally hot and rotationally cold high-resolution infrared spectra of polyatomic molecules in the 1.67 ym region. The Laval
nozzle was machined in isostatic graphite, which is capable of withstanding high stagnation temperatures. It is characterized by a throat
diameter of 2 mm and an exit diameter of 24 mm. It was designed to operate with argon heated up to 2000 K and to produce a quasi-
unidirectional flow to reduce the Doppler effect responsible for line broadening. The hypersonic flow was characterized using computational
fluid dynamics simulations, Pitot measurements, and CRDS. A Mach number evolving from 10 at the nozzle exit up to 18.3 before the
occurrence of a first oblique shock wave was measured. Two different gases, carbon monoxide (CO) and methane (CH,4), were used as test
molecules. Vibrational (Ty;,) and rotational (Tro) temperatures were extracted from the recorded infrared spectrum, leading to Ty, = 1346
+ 52 K and Tyt = 12 £ 1 K for CO. A rotational temperature of 30 + 3 K was measured for CHy, while two vibrational temperatures
were necessary to reproduce the observed intensities. The population distribution between vibrational polyads was correctly described with
Tl = 894 + 47 K, while the population distribution within a given polyad (namely, the dyad or the pentad) was modeled correctly by
TH, = 54 + 4 K, testifying to a more rapid vibrational relaxation between the vibrational energy levels constituting a polyad.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0003886

I. INTRODUCTION

High-temperature infrared (IR) spectroscopy provides labo-
ratory data that are essential for determining the properties of
the atmospheres of Hot Jupiter type exoplanets.' * Until now, two
decades after the discovery of the first exoplanet,1 carbon monoxide,
carbon dioxide, methane, and water have been directly observed in
Hot Jupiter atmospheres by infrared astronomy,” which implies the
possibility of a rich chemistry as well as an active photochemistry.
Accurate laboratory infrared (IR) spectroscopic data in the temper-
ature range of 500-3000 K for small hydrocarbons, such as acety-
lene, methane, ethylene, and ethane, are, therefore, believed to be

pivotal to interpret the observed spectra." However, the spectral con-
fusion, characterizing high-temperature local thermal equilibrium
(LTE) spectra of polyatomic molecules produced by either absorp-
tion® or emission’ spectroscopic techniques, greatly complicates the
spectral analysis and hampers the development of high-temperature
molecular databases.

We have developed a novel approach to produce non-LTE IR
spectra, relying on a hypersonic expansion probed by cavity ring-
down spectroscopy (CRDS). The Spectroscopy of Molecules Accel-
erated in Uniform Gas flow (SMAUG) apparatus has been devel-
oped to decouple the internal degrees of freedom of polyatomic
molecules in order to record vibrationally hot but rotationally and
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translationally cold IR spectra, resulting in both a simplified rota-
tional structure and a reduced Doppler-broadening of the absorp-
tion lines (see Fig. 1).

Non-LTE processes characterizing rapidly expanding gases
have been widely used for spectroscopic purposes. The gasdynamic
lasers developed in the 1970s are based on the non-equilibrium dis-
tribution of a population of polyatomic molecules such as CO or
CO,.” An expansion in a supersonic nozzle rapidly cools down a gas
mixture (e.g., CO2-N,-H,O or CO,-N;-He), but as the vibrational
relaxation is comparatively slow, this cooling leads to a population
inversion resulting in an amplification of the radiative intensity of
light emitted by the molecules. From a spectroscopic point of view,
such a lasing action triggered by the excitation of water molecules
in a supersonic plasma contained in an optical supercavity was used
to record rotationally cold spectra of vibrationally excited H,O” and
D,0" in the mid-infrared and far infrared regions, respectively. The
rotational and vibrational temperatures associated with the pulsed
slit supersonic discharge source were estimated to be 120 K and
2500 K, respectively. A pulsed supersonic planar plasma jet was also
used to produce high-resolution infrared cw-CRDS spectra of vibra-
tionally excited HC4H'' with a rotational temperature of 17 K and
vibrational excitation temperatures of 125 K and 570 K, depend-
ing on the considered bending vibrations. Vibrationally excited
state spectroscopy of NO in a pinhole supersonic plasma was also
reported by Bazalgette Courréges-Lacoste et al.'” with Tyt < 50 K
and T,y, = 6700 + 700 K.

Excitation sources besides plasma ones have also been used
to produce non-LTE conditions. Intermolecular vibrational energy
transfer from ethylene to acetylene was investigated in the 3 ym
region by probing a supersonic jet with an IR-IR double reso-
nance technique, producing rotationally cold hot-bands."” Ther-
mally heated nozzles, either axi-symmetric'*'"> or planar,'® were
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FIG. 1. Spectra of CO simulated at different conditions highlighting the advan-
tage of non-LTE spectroscopy. Panel (a): spectrum simulated at 15 K showing
a simplified rotational structure but a lack of information regarding the molecu-
lar vibration (total absence of hot bands). Panel (b): spectrum simulated at 2000 K
showing overlapping vibrational cold (3 < 0) and hot (4 < 1; 5 < 2; 6 < 3) bands,
each characterized by a large number of rotational transitions that complicate the
spectrum. Panel (c): spectrum simulated in non-LTE conditions Tyt = 15 K and
Tyib = 2000 K, resulting in a simplification of the rotational structure and an easier
analysis of the different observed bands.
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used to supply the preheat gases before their adiabatic cooling in
supersonic jet expansions. In close connection with our investiga-
tions on infrared spectroscopy of simple hydrocarbons, it is worth
mentioning the early study on non-LTE methane by Bronnikov
et al.'” They used a thermally heated pulsed slit nozzle to produce
non-LTE diode laser spectra of vibrationally excited methane in the
8 um region. This study highlighted a virtual absence of vibrational
relaxation between the different polyads, while a strong vibrational
relaxation within the same polyad leads to a redistribution of the
populations of the vibrational levels involved.

The tetradecad region of supersonically cooled preheated
methane was previously investigated at the Institute of Physics of
Rennes (IPR) in a free jet expansion by means of CRDS."” A strong
decoupling of the internal degrees of freedom (Trot = 13 K and
Tyib = 750 K) was responsible for the emergence of multiple rota-
tionally cold hot bands in the recorded spectra, which allowed the
identification of new transitions connecting highly excited vibra-
tional energy levels. Such a strong non-LTE state is based on
fast rotational-translational (R-T) and quite inefficient vibrational-
translational (V-T) collisional energy transfers taking place during
the adiabatic hypersonic expansion of a thermally preheated gas.'”
Spectra recorded in such conditions exhibit a simplified rotational
structure that allows the performance of a line-by-line analysis of
the multiple hot bands, characterizing polyatomic molecular spec-
tra, which is unattainable under LTE conditions due to the presence
of multiple overlapping transitions.

To improve the original non-LTE experiment developed at
the IPR,"” a mini graphite Laval nozzle, which can withstand high
stagnation temperatures, was implemented into the system to over-
come the drawbacks inherent to free jet expansion, that is, strong
Doppler broadening due to a significant radial velocity component
of the molecules in the jet and the presence of extreme temperature
and density gradients. Similarly, to record the spectra of exotic iso-
topes and super-heavy elements, a small Laval nozzle was used with
the in-gas laser ionization and spectroscopy (IGLIS) technique to
reduce the adverse effect of the Doppler broadening that impedes
the detection of transitions with close frequencies."”’

This paper presents the SMAUG apparatus, our approach to
produce out-of-equilibrium spectra by coupling a hypersonic jet
issued from a mini graphite Laval nozzle with an ultrasensitive
CRDS, and its performance based on the analysis of the recorded
CO and CH,4 hypersonic-jet spectra.

Il. LAVAL NOZZLE DESIGN
A. Profile calculation

In our experiments, the probe laser beam is positioned a few
centimeters downstream from the outlet of the nozzle and perpen-
dicular to its axis. Non-divergence of the outlet flow of the nozzle
is, therefore, a prerequisite for avoiding gradients in the direction
perpendicular to the flow axis, which would complicate the inter-
pretation of the absorption spectrum as a result of transition line
broadening of the absorbing species by the Doppler effect. There-
fore, the aim was to design a small nozzle profile that provides a
non-divergent hypersonic argon flow into a vacuum chamber by
connecting its inlet area to the IPR high enthalpy source (HES)
capable of reaching gas temperatures up to 2000 K.’
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FIG. 2. Argon Laval nozzle design. The
CFD simulations were carried out at a
stagnation temperature of 1300 K and at
a stagnation pressure of 1100 Torr. The
expansion chamber was set at 300 K
and 0.5 Torr. Panel (a): CFD simulation
of the Mach number with a fixed zero
transverse nozzle exit velocity. Panel (b):
CFD simulation of the Mach number with
a transverse nozzle exit velocity set to
1.5% of the magnitude of the total flow
velocity. Panel (c): sectional view of the
graphite Laval nozzle.

@ 24 mm

The profile design is carried out in two steps. In the first
step, the argon flow was considered to be quasi-one dimensional,
steady, inviscid, and fully isentropic. These assumptions help us to
use the quasi-one-dimensional nozzle flow relations to determine a
preliminary nozzle profile using the steepest-descent optimization
method. These calculations made use of the known design param-
eters for the nozzle flow as reservoir conditions, inlet area, outlet
area, and length of the divergent part. Radial velocity minimiza-
tion was the objective function of this optimization process. Ini-
tially, radial velocity at the outlet plane was set to zero to ensure
the radial uniformity of the flow, and the final profile was obtained.
In the second step of the profile design, this optimum shape was
tested through Computational Fluid Dynamics (CFD) simulations
based on the Navier-Stokes equations for the viscous flow. The sim-
ulation revealed the presence of an oblique shock wave inside the
divergent part of the nozzle, causing a recompression of the flow
and its subsequent radial expansion at the nozzle exit. Figure 2(a)
shows the flow to be non-isentropic and non-uniform. To overcome
this problem, the constraint on the radial component of velocity at
the nozzle outlet, set in the first step of optimization, was relaxed
and set to 1.5% of the total velocity at the nozzle exit. Thus, the
obtained nozzle profile was again tested in the second step through
CFD simulations, which showed suppression of the oblique shock
wave and uniform flow at the nozzle outlet [as shown in Fig. 2(b)].
Following this simulated design, the nozzle was locally machined
from isostatic graphite (R6710 grade), which can withstand very
high temperatures, and was fixed to the HES via an outer thread on
the outside of its convergent part [see Fig. 2(c)]. Our nozzle pro-
totype is characterized by a throat diameter of 2 mm and by an
outlet diameter of 24 mm, while the length of its divergent part
is 30 mm.

B. CFD simulations and flow field analysis

The performance of the prototype nozzle was first verified by
CFD axi-symmetric simulations carried out with the commercial
solver ANSYS Fluent. Modeling the gas flow from the nozzle inlet
through the expansion gives a first insight into the jet characteris-
tics related to the intended operational conditions. The stagnation
or reservoir temperature and pressure were set to the same val-
ues as considered in the design process, 1300 K and 1100 Torr,
respectively. The expansion chamber was defined to be at ambient

temperature (300 K) and at a low pressure (0.5 Torr). Figure 3 shows
the simulated temperature contour and the evolution of the Mach
number along the central streamline of the expanding flow, down-
stream of the nozzle exit. As shown in this figure, the jet consists of
a hot shear layer of several hundred kelvins surrounding the cold
isentropic core where the maximum temperature is of the order
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FIG. 3. CFD simulation of the hypersonic jet of argon (stagnation temperature:
1300 K, stagnation pressure: 1100 Torr, and residual pressure: 0.5 Torr). Upper
panel: temperature mapping, middle panel: temperature along the jet axis, and
lower panel: the Mach number along the jet axis.
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of few tens of kelvins. The simulated isentropic core of the jet is be positioned between the nozzle exit and before the disturbances

quasi-uniform over a distance exceeding 40 mm before an oblique induced by the oblique shock wave. Interestingly, the Mach number
shock wave forms at about 60 mm downstream of the exit. From a of the flow increases monotonically from 10 at the nozzle exit up to a
practical point of view, it means that the probe laser beam has to value of 18.3 right before the occurrence of the oblique shock wave.
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According to the conservation of energy, the temperature follows
the inverse trend as that of the Mach number. Therefore, the tem-
perature decreases monotonically from the nozzle exit, where it is at
34 K, before reaching the remarkably low value of 11.5 K in front of
the shock wave.

As mentioned earlier, the purpose of designing the Laval noz-
zle shape was to reduce the radial temperature, density, and pressure
gradients. Figure 4 shows the radial flow field obtained from CFD
simulations at a distance of 20 mm from the nozzle exit. The tem-
perature contour, shown in panel (a), exhibits two clearly distinct
zones of the expansion, viz., the cold isentropic core and the sur-
rounding hotter shear layer. A closer insight of the cold zone [panel
(b)] confirms that the core is free of temperature gradients over a
radius of about 5 mm. Panel (b) also shows that the core temper-
ature remains uniform, regardless of the initial stagnation temper-
ature. Hence, the jet temperature can be tuned by simply chang-
ing the stagnation temperature using the presently designed nozzle
profile.

The pressure distribution of the flow is represented in panel
(c). The slight radial velocity divergence that was imposed at the
nozzle outlet area to eliminate the oblique shockwave within the
divergent part of the nozzle is responsible for a jet static pressure
of ~0.05 Torr that is well below the static pressure of the vacuum
chamber (0.5 Torr). Panel (d) shows the pressure distribution in the
cold core for different stagnation temperatures varied between 500 K
and 2000 K. Unlike the temperature, the static pressure of the cold
core does not vary with the initial stagnation temperature because
the stagnation pressure was systematically maintained at 1100 Torr
in all simulations.

ARTICLE scitation.org/journalljcp

The evolution of the density (i.e., argon concentration) in the
jet was also examined [see panel (e)]. The simulation reveals an
important increase in the gas density along the jet radius, similar
to the gas temperature increase induced by the presence of the shear
layers. This can be problematic as CRDS probes the flow along a line
of sight, which crosses both the isentropic core and the shear layers,
the latter producing an unwanted hot gas contribution to the inte-
grated absorption spectrum. Fortunately, as shown from panel (g),
the density and the temperature peaks are shifted by several mil-
limeters so that a significant part of the density corresponds to a
very cold flow region. The respective absorption contributions of the
cold and hot flow regions [blue and red zones in panel (g)] are simu-
lated in Fig. 5 using a numerical procedure described in Ref. 22. This
shows that the hot contribution may not be negligible compared to
the cold one. However, the experimental spectrum [panel (b)] shows
that the calculated hot gas contribution is clearly overestimated by
a factor of almost 2.5. Panel (f) demonstrates the range of achiev-
able molecular densities by setting different initial conditions in the
reservoir.

Finally, the axial and radial velocity components are compared
in panel (h). A slight increase in the radial component can be
observed as a function of the radial distance, but its value (about
130 m/s) remains one order of magnitude smaller than the axial
velocity component (1230 m/s). According to the relation

y :v/(u v—l),

where ¢ is the speed of light, the Doppler FWHM induced by a
radial velocity v, =130 m/s is estimated to be 0.0026 cm”! for a line
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centered at ¥ = 5885 cm™'. For reference, such a line broadening is
equivalent to a Doppler FWHM, corresponding to static methane
maintained at 6 K.

C. 2D pitot probe

The flow was characterized experimentally by Pitot pressure
measurements. A movable Pitot probe was implemented to establish
a two-dimensional mapping of the impact pressure of the jet issued
from the nozzle. Assuming an isentropic expansion and knowing the
stagnation pressure, the Mach number of the flow is extracted from
the measured data” (see Fig. 6). The velocity, the temperature, the
pressure, and the molecular density of the gas are hence calculated
from the measured Mach number, the specific heat ratio of argon
(fixed to 5/3) and the stagnation conditions (temperature, pressure,
and molecular density) using the standard isentropic equations for
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FIG. 6. Mappings extracted from two-dimensional Pitot measurements of a hyper-
sonic flow of argon (stagnation pressure: 1290 Torr, and pressure chamber:
0.5 Torr).
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an ideal gas.” It must be noted that this procedure is no longer valid
for non-isentropic flows; in particular, it is not suitable for charac-
terizing the shear layers that are sites of non-isentropic dissipative
effects. Thus, numerical values relative to the shear layer indicated
in Fig. 6 are not realistic.

Figure 6 displays the retrieved values from the Pitot measure-
ments. They agree with the simulation shown in Fig. 3: a regu-
lar shock wave intersection is formed at few tens of millimeters
(~80 mm) downstream the nozzle exit, the radial uniformity of the
flow is confirmed, and the increase in the monotonic Mach number
along the flow axis is also confirmed.

1. HYPERSONIC-JET CRDS
A. Experimental setup

The experimental setup is schematized in Fig. 7; its full descrip-
tion can be found in Ref. 15. Briefly, it is composed of a heating
element (the HES)”” used to preheat the argon gas admixed with
IR active molecules (CO and CHy in the present study) before
its expansion through the nozzle in a vacuum chamber evacuated
by an ensemble of roots pumps. The hypersonic flow is probed
transversally by CRDS.

The carrier argon gas and the CO or CH,4 absorbing species
are admitted independently into the HES through mass flow con-
trollers (Bronkhorst and MKS instruments). The HES is mounted
on a stainless-steel tank whose position can be adjusted vertically
and horizontally using computer-controlled actuators, allowing the
CRDS laser to probe any region of the flow.

The laser light is produced by a series of fibered Distributed
Feedback (DFB) diode lasers. They are mounted on a custom
proportional integral differential (PID) temperature stabilizer that
allows the diode temperature to be set from —10°C to 60 °C and
to produce a bandwidth of 7 nm (~30 cm™) per diode. The opti-
cal power output of the diodes varies typically between 10 mW and
20 mW, and it is divided in two parts: 90% enters the optical cavity
and 10% goes into a fast high-precision wavelength meter (High-
Finesse WS7-60 Series). The high-finesse cavity (F > 200000) of
CRDS relies on two high-reflectivity (>99.9987%, Layertec) mirrors
mounted onto bellows that are attached to the end of two stainless-
steel tubes. The bellows dampen vibrations caused by the pumping
unit. The two tubes are extended on either side of the gas jet in order
to reduce the unwanted absorption of the static residual gases fill-
ing the expansion chamber. In these tubes, nitrogen is continuously
injected at a low flow rate of 2 slm to flush out the IR absorbing
gases so that the recorded absorption signal is mainly due to the
isentropic core and the shear layers. With the isentropic core diame-
ter being ~10 mm, a typical ringdown time of 120 us corresponds
to an equivalent absorption length of ~450 m. A single lens and
two steering mirrors (not shown in Fig. 7) fixed onto an optical
table adjacent to the cavity entry are used to focus the light beam
at the center of the 80 cm long optical cavity and to align the sys-
tem into the TEMgo mode. At the other end of the optical cavity, the
output mirror is installed onto a piezoelectric transducer that res-
onates at 50 Hz and modulates the cavity length in order to ensure
resonance with the instantaneous laser frequency. Each ringdown
event is measured by using a photodiode and fitted to an exponential
decay curve to retrieve the ringdown time and thus the absorption
coefficient.
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The stagnation and vacuum chamber are measured by using
resistive (KELLER, 7500 Torr full scale range) and capacitive (MKS
instruments, 10 Torr full scale range) pressure gauges, respectively.

B. Preliminary study on carbon monoxide

The performance of the experimental setup in terms of rota-
tional and vibrational relaxation was first tested with carbon monox-
ide (CO) molecules. The gas mixture (5% CO in argon) was initially
heated up to around 1400 K at 1010 Torr before being expanded
into the vacuum chamber maintained at 0.5 Torr. The 3 < 0 cold
band and the 4 < 1 and 5 < 2 hot bands were recorded. Accord-
ing to a standard Boltzmann plot method,” the rotational temper-

ature of the isentropic core (T;o;: = 12 + 1 K) and the surround-

ing shear layer (TS, = 144 + 10 K) were retrieved. Note that the
rotational temperature of the isentropic core is very similar to the
translational temperature determined by Pitot probe measurements,
suggesting a rapid rotational relaxation of CO. The obtained rota-
tional temperature in the shear layer is much colder than the one
calculated by CFD simulations (up to 700 K at 20 mm from the
nozzle exit, see Fig. 4). Such a discrepancy most probably origi-
nates from the fact that the Boltzmann plot method delivers one
single value which is integrated over the various probed spatial
layers having different temperature and density values [see Fig. 4,

panel (g)].
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Hot shear layers

.......> Pumping

FIG. 7. Schematic of the SMAUG exper-
imental setup showing the main compo-
nents (from left to right): the HES termi-
nated by the Laval nozzle and the CRDS
diagnostic probing the hypersonic flow.

Cold isentropic core

A much higher vibrational temperature (Tj,¢ = 1346 + 52 K)
was extracted from the recorded spectra by considering absorption
lines of an identical lower J rotational quantum number from differ-
ent cold and hot vibrational bands. As expected, the sudden drop of
molecular collisions in the jet prevents the molecules from relaxing
their vibrational energy.

IV. APPLICATION TO NON-LTE SPECTROSCOPY
OF METHANE

A. LTE vs non-LTE spectra

The hypersonic spectrum of methane was recorded in the
region corresponding to the tetradecad polyad.” As described by
Rey et al.,”® the complexity of studying this region lies in the overlap-
ping of several cold bands, ending on the IR active vibrational energy
levels of the 14 interacting components of the polyad, and of sev-
eral hot bands issued from the thermally populated dyad and pentad
polyads ending respectively on the poorly studied upper icosad and
triacontad polyads.

The stagnation pressure was fixed to 1040 Torr for the stagna-
tion pressure. 2 slm of CH4 was admixed to 19 slm of argon. The
chamber pressure was set to 0.5 Torr. The spectral ranges 5884-
6073 cm ™', 6120-6140 cm ™, and 6193-6219 cm™' corresponding
to our available laser diodes were systematically examined, giving
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rise to more than 6300 observed absorption lines (see Fig. 8). As
displayed in Fig. 8 [panel (b)], the absorption coefficient o of the
strongest absorption lines is beyond the dynamical range of the
instrument (amin = 3.3 x 107" cm™! and amax = 3.7 x 107° cm_l).

Figure 9 compares LTE and non-LTE experimental absorp-
tion spectra. Panel (c) corresponds to our hypersonic jet spectrum.
It greatly differs from the direct absorption spectrum recorded at
LIPhy under LTE conditions in a static gas cell maintained at 964 K°

-3 -4
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a
6
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4
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2
0 /j\/\ A AM 0 FIG. 9. Left side: Panel (a): laser
b diode absorption LTE spectrum of CH,
- 0.03 | 0.03 recorded at LIPhy in static conditions at
‘e 964 K. Panel (b): CRDS LTE spectrum
OU 0.02 of CHy4 recorded at LIPhy in static con-
5 0.02¢ 1™ ditions at 81 K. Panel (c): hypersonic-
o jet CRDS non-LTE spectrum recorded
3 0.01- 1 0.01 at IPR. Right side: zoomed-in region
k around 5986.5 cm~', highlighting the
0 ._M A , . ) disappearance of the cold band transi-
C tions and the appearance of hot band
transitions.
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[see Fig. 9, panel (a)]. The considerably broader absorption lines are
due to multiple overlapping transitions and a Doppler HWHM of
1.72 x 107 cm™". Tt is clear that the information contained in the
high temperature static spectrum must be considered as a reference
spectrum for a direct comparison with the existing databases;”* "
however, its analysis relies on a deconvolution of many unre-
solved contributions that are able to be resolved in our non-LTE
spectrum.

In comparison to the high-temperature static spectrum, the
hypersonic jet spectrum exhibits remarkably narrow absorption
lines with a FWHM of ~0.01 cm™", however, surprisingly well above
the expected value of 0.0026 cm™ estimated from the simulated
radial flow velocity of 130 m s7! (see Sec. IT). We have no satis-
factory explanation to offer for such a discrepancy. The linewidths
are comparable to those measured at LIPhy by CRDS in a static gas
cell maintained at 81 K* [see panel (b)]. Since at 81 K the pop-
ulation is fully relaxed to the vibrational ground state, the static
cold spectrum is composed of absorption lines belonging exclu-
sively to cold bands. In contrast, the cold-band rotational lines
are mostly absent from the portion of the hypersonic jet spectrum
corresponding to panel (b). Only faint lines can be attributed to
transitions originating from the ground vibrational state, suggest-
ing that most of the 6300 observed transitions are actually hot band
transitions.

The effect of the non-LTE population distribution on the
hypersonic jet spectrum of methane is illustrated in Fig. 10 for
which we have simulated a series of three R(0) transitions at dif-
ferent rotational and vibrational temperatures, either under LTE
(upper panel) or non-LTE (lower panel) conditions. The R(0)
transitions were extracted from the TheoReTS database.”” ** They
were selected as starting, respectively, from the vibrational ground
state (0301 <« 0000), the dyad (0021 <« 0001), and the pentad
(0022 « 0002). The integrated absorption cross sections, d;;, were
calculated at different rotational and vibrational temperatures using
the following equation:

Qo(To)

Qrot(Tmt) X Qvib(Tvib)

E,  1(E™ LB

X exp -=
kTo k Tvib Trat
Evib _E ib Erot_Erot
°f i T

- eXP[’( [ )]

hety; >
1- exp(— o )
where 6;(Ty) is the integrated absorption cross section at
To = 296 K. Qo, Qrot, and Q,;, are the total, rotational, and vibra-
tional partition functions calculated at the corresponding tempera-
ture, respectively; i and j subscripts designate the lower and higher
energy states, respectively; k is Boltzmann’s constant; k is Planck’s
constant; and c is the speed of light. The values of Q¢ and Q,;, were
calculated using the Total Internal Partition Sum (TIPS) codes,™
which were specially extended to high temperatures by Gamache
and co-workers.

It can be seen from Fig. 10 that an increase in the vibra-
tional temperature promotes the growth of hot-band transitions;

of particular interest is the very low rotational temperature char-
acterizing non-LTE hypersonic jets (fixed at 30 K in the present

(_Tij(Trot: Tvib) = alj(TO)

X

1
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FIG. 10. Evolution of the integrated absorption cross sections at different temper-
atures of three R(0) transitions of methane starting respectively from the ground
state (blue), the dyad (red), and the pentad (ocher). Upper panel: LTE conditions
and lower panel: non-LTE conditions (rotational temperature fixed at 30 K).

calculation), which is responsible for magnifying low-J values
transitions by more than two orders of magnitude, making our
experimental approach well suited for the detection of new hot
bands.
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B. Temperature extraction

Unlike the simple and the well-studied spectrum of CO to date,
the analysis of the more complex tetradecad region of methane is
incomplete. The Boltzmann plot method used for CO is more diffi-
cult to implement for methane, in particular, for the determination
of the vibrational temperature. Hence, the rotational temperature
was extracted by a direct iterative comparison of our experimental
spectrum with simulations based on the HITRAN 2012 line list.”
By considering only the cold band transitions listed in HITRAN,
good agreement was achieved for a rotational temperature of
Trot = 30 + 3 K (see Fig. 11).

Regarding the vibrational temperature, non-LTE spectroscopy
induces a more complex extraction process. Intensities of R(0) lines
starting from different initial vibrational energy levels were con-
sidered. Their integrated absorption cross section ¢;; was modeled
using Eq. (1), where the rotational temperature was fixed at 30 K.
A first “interpolyad” vibrational temperature of T%; = 894 + 47 K
was obtained from the intensity ratio of R(0) lines starting from
the vibrational ground state and the v, vibrational energy level
of the dyad, thus confirming the weak vibrational relaxation
already observed in a planar supersonic expansion of preheated
methane.'” A second “intrapolyad” vibrational temperature of
TY, = 54 + 4 K was obtained when comparing intensities of R(0)
transitions starting respectively from the lowest (v4) and the highest
(v2) vibrational energy levels of the dyad, confirming the effective
population relaxation between the close vibrational energy levels
forming a same polyad.'”*

In Fig. 12, our non-LTE spectrum is compared to a simulation
performed in LTE conditions at 894 K (T%;) using the TheoReTS
database. This comparison highlights the drastic intensity reduction
of high-J transitions and the hot band magnification induced by the
SMAUG apparatus.

V. CONCLUSION

The performance of the SMAUG setup has been character-
ized in detail by means of CFD, Pitot probe, and CRDS. Its con-
toured graphite Laval nozzle can be operated up to 2000 K. As tested
with CO and CHy, it produces a non-LTE quasi-unidirectional
supersonic flow limiting absorption line broadening. The expanded
molecules are characterized by both high vibrational and low rota-
tional temperatures, thus magnifying the low-J rovibrational line
intensities of the very many hot bands responsible for the complexity
of high temperature infrared spectra of polyatomic molecules. The
SMAUG setup will be extensively used to produce non-LTE infrared
spectra of simple hydrocarbons in the frame of the e-PYTHEAS
project. A planar Laval nozzle is currently under study in order
to increase the absorption path length and to further reduce the
radial flow velocity component, leading to an increased experimental
sensitivity as well as a better line resolution.
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Exoplanetes:

¢a phauffe au

ON EN PARLE

Des chercheurs rennais étudient
des planétes trés proches de leur soleil,
eomme sur cette vue d'artiste.

ASTRONOMIE A Rennes, la physicienne Eszter Dudas étudie I'atmosphére briilante
de certaines planétes. Elle n'utilise pas un télescope, mais un caisson sous vide.

lusde 4000 exoplanétesontdéja

été repérées’. La derniere a été

découverteencedébutd'année?.
Mais I’'on sait peu de choses sur ces
astres qui orbitent autour d’autres
étoilesquelesoleil. « Nous ne pouvons
pascomprendre l'origine et I’évolution
d’une planéte sans connaitre ses com-
posants », explique Robert Georges,
astrophysicienal’Institutde physique
deRennes. Tréslointaines, lesexopla-
netes sontdifficiles a étudier...« C’est
plus facile d’analyserleuratmosphére,
dontles gaz laissent une trace dans la
lumiere de leurétoile. » Cette signature
lumineuse, appeléelespectre,intéresse
EszterDudas.Spécialisteenmécanique
desfluides, elle prépare une thésesous
la direction de Robert Georges. Les
spectres de référence gqu’elle produit
enlaboratoiresontcomparés aux ob-
servations astronomiques.

Atmosphére @2 000°C

Enregistré parun télescopelorsqu’une
exoplanéte passe devant ou derriére
son étoile, lespectrerenseignesurles
molécules qui composent son atmos-
phere.Mais cette signature estdifficile
c‘ldéchiffrerquandlgtempe’__rqture est
tres élevée.« Plus legazestchaud, plus
les molécules vibregt et tournent sur

b

elles-mémes, explique Eszter Dudas.
Cela brouille le signal. » C’est le cas
pour les exoplanétes étudiées au la-
boratoire, car elles sont @ proximité
de leur soleil. Leur atmospheére peut
atteindre2000°C! La premiere étape
consiste a reproduire ces conditions
extrémes, pour étudier le comporte-
ment du milieu gazeux.

Dans un caisson sous vide, la cher-
cheuse hongroise fait chauffer, un a
un, les gaz supposés présents dans
’atmosphére des exoplanétes.Les mo-
lécules s’agitent. Le gaz passe alors
dans une petite piece en graphite,
appelée la tuyére. Comme le conduit
d’éjection des gaz brlilés d’une fusée,
cettestructure permetde projeterles
moléculesadesvitessessupersoniques

1. Les premiers observa-

teurs d’une exoplanéte
en 1995, Michel Mayor,
Didier Queloz et James
Peebles, ont regu le
Prix Nobel de physique
en 2019.

2. Son nom est
TOI700D.

Eszter Dudas
présentela

tuyére qui permet
d’accélérerlesgaz
dans un caisson
sous vide (au
premier plan).

(plus de 4 500 km/h). La température
chute alors a- 260 °C, ce qui bloque
la rotation des molécules. Grdce a ce
procédeé tres innovant, le spectre du
gazvadevenir lisible .

Avec I’Observatoire de Paris

Les chercheurs utilisent un laser in-
frarouge, pour simuler la lumiére de
I’étoile. Il traverse le gaz pour sonder
les molécules @ la sortie de la tuyére.
Cela permet d’enregistrer le spectre.
Apres avoir étudié le méthane, sou-
vent présent sur ces planétes, Eszter
Dudas renouvelle aujourd’hui 'expé-
rience avec I’éthylene. Ses données
sont précieuses pour les physiciens
théoriciensdes universitésdeReims et
Dijon,quiaméliorentainsiles modéles
d’atmosphére. Les planétologues de
I’Observatoire de Paris peuvent alors
vérifier sicesmodeles coincidentavec
les observations. Pour se rapprocher
un peu plus des exoplanetes...dont le
nombre est estimé a plus de 100 mil-
liards dans notre galaxie.

MARION GUILLAUMIN

Eszter Dudas, eszter.dudas@univ-rennesl.fr
Robert Georges, robert.georges@univ-
rennesl.fr

Sciences Ouest | 3

JPL-CALTECH / NASA
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OUT-OF-EQUILIBRIUM HYPERSONIC JET SPECTROSCOPY
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Introduction

Out-of-equilibrium hypersonic jet spectroscopy
Astronomical observation
== pbsorption/emission spectra ®

captured by space telescope
Hypersonicjet Cavity Ring-Down Spectroscopy | Oscltions 50Hz
«initially heated up to 2000 K « ultra-sensitive technique | o |H ) —»[ Detection

* sudden drop of molecular collisions * 675 m optical path

: « strong decoupling of the internal degrees ; ; -
Atmosphere modelling ; : Laboratory astrophysics data fong decoupling ! & * high-finesse optical cavity
of freedom of the molecules

Pressure/ temperature/ ; From known molecules at < riffokan Shapewith « IR spectrum (1.5 um range)
concentration profile significant temperatures

retrieval v e 'se"fmp'c,mre « fibered DFB butterfly laser diode
rotational temperature relaxes

rapidly « laser diameter: 0.5 mm
* vibrational temperature remains
very close to the initial one * ring-down time: 180 ps
* relative high density
hot shear layer
Theoretical molecular model * several hundreds Kelvin

Calculation of synthetic
spectra at high temperature P

Fig.1: Out-of equilibrium spectroscopy

* resolution max.: 104 cm*

N 2ciectrodes

Fig.2: High-enthalpy source

Design of small dimensional de Laval nozzle Cavity Ring- Down Spectroscopy

1
Step 1 . Step 2 | Step 3 AnCH, =232 Hype(:;c;r;m]et | High T,
i 3 gt \ ! Low Trot

Low T,

trans

Outiet (8,
Intet (R,) d

assuming inviscid flow . - i & I m‘\ > 5 Tv
= . L -

e UL

ib = Trot = Tt

rans

steepest-descent optimization method

1 - .
achieve zero normal velocity at the outlet . s Graphite,
I

temperature resistant up | A s I Static gas 964K (LIPh\/z 3)
viscous simulation : to 2000K Overcrowded spectrum

; ; EAVA MU T aa A VA \ R
Navier-Stokes equations YV AV CVAAY) A NV vV \A/ M (Super ||nes)

area > reduced flow divergence

Wavsnumber o)

Fig.6: CRD Spectrum of methane

Characterization of the flow

Performance

Numerical simulation 2D Pitot probe

The reduced Doppler
broadening facilitates the
identification of the
isolated spectral lines.

w 210 20
2(mm)

\ 0.01cm?
0.034 cm™?

Absorption coefficient

Wavenumber

P i Rt AR Sl Hypersonic jet GS depopulated (low cold
= i " ’ : (IPR) band intensity)
) I\ High vibrational levels
— L thermally populated
Hot band  (Intense hot bands)

- 2.3)
Static gas 81K (LiPhy?3) (\ Cold bands © Cold bands 0n|y
(molecular population is

—_J \_4/ \L//\;h_ﬂ‘ ___ mainly on GS)

Fig.5: Scheme of the 2D Pitot probe!

Advantages To be improved

v Low temperature in the isentropic core  Unwanted shear layer absorption
v Relatively high density (few 10%°cm3) (rotationally hot gas)

v Radially uniform core over 15 mm D I S C u SS I O n :
v Tunable initial reservoir temperature
and pressure @ » simplified rotational structure of the hypersonic spectrum (1.5 um range)
» without depopulating the highly excited vibrational energy levels whose
Design of a planar nozzle for reducing the P . o . e
shear layer effect and for lengthening the analysis is really challenging under equilibrium conditions
optical path By S feerofitd > in progress: implementation of a planar nozzle

References

Acknowledgements : :
The ANR (e-PYTHEAS project) is acknowledged for the PhD grant of ED. S o e S e i (6
The Technical staff of IPR are warmly thanked for their valuable support.




190



Eszter Dudds’, Dimitrios Tsifakis?, Christine Charles?, Rod Boswell?,

Samir Kassi®, Robert Georges?

lnstitut de Physique de Rennes, Université de Rennes 1 - CNRS, France
2Space Plasma, Power and Propulsion laboratory, Australian National University, Canberra, Australia
3Laboratoire interdisciplinaire de Grenoble, Université Grenoble Alpes - CNRS, France

Objectives:

» Modelling the atmosphere of Hot Jupiters

» ldentification of the diffuse interstellar bands (DIBs)
Transformed Pocket Rocket Cavity ring down Spectroscopy
e ultra-sensitive technique
675 m optical path
high-finesse optical cavity

* capacitive electrothermal plasma

* radiofrequency (13.56 MHz)
electrothermal thruster (RFETs)

«  Power:30 W * IR spectrum (1.5 um range)

. . * fibered DFB butterfly laser diode
* Supersonic plasma expansion

* High vibrational temperature (several 1000 K) * Digser 0-5 mm

. * To : 180 ps
* Low rotational temperature (several 10 K) Bloedoxy W

Resolution max.: 104 cm?

T

- i
(- =]

Novel geometry:
rectangular cross-section

Large flow rate:

decent signal for CRDS

» = Gas input

Supersonic expansion

Plasma exit

Experimental setup Platypus pocket rocket
To do:
» Characterisation of the plasma plume with N,
» Establishing spectral data of molecules (CH,) at highly excited vibrational states
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Résume détaillé
Cette thése est intégrée au projet e-PYTHEAS (exo-PlanetarY high-Temperature Hydrocarbons
by Emission and Absorption Spectroscopy), financé par I’Agence nationale de la recherche. |l
vise a mieux connaitre la formation d’un certain type d’exoplanétes et leur évolution. Le travail
présenté est centré sur le développement d’un nouveau procédé spectroscopique SMAUG

(Spectroscopy of Molecules Accelerated in Uniform Gas flow) dédié a I'étude des propriétés
radiatives des gaz a haute température dans le domaine infrarouge.

En combinant une approche théorique et expérimentale, I'objectif de cette thése est
de modéliser 'atmosphere de planétes géantes gazeuses. Comme la plupart des exoplanetes
détectées a ce jour sont trés chaudes, il est primordial de connaitre les propriétés radiatives a
trés haute température des gaz qui composent leur atmospheére. En premier lieu, ce sont les
propriétés radiatives du méthane, le plus petit des hydrocarbures, qui sont étudiées car sa
présence est avérée dans I'atmosphére des planétes extrasolaires de type Jupiter chaud. Pour
ce faire, ce travail utilise et perfectionne le dispositif expérimental SMAUG qui simule les
conditions astrophysiques extrémes et produit pour chaque molécule des empreintes
infrarouges de référence. Ce manuscrit regroupe des simulations numériques d’écoulement,
des mesures expérimentales et des traitements de données poussés. Les données de
laboratoire produites alimentent des codes de transfert radiatif permettant d’interpréter la
signature infrarouge de ces planétes, et de modéliser leur climat exotique.

Le mémoire est composé de cing chapitres distincts ainsi que d’une introduction et
d’une conclusion. Un article publié dans J. Chem. Phys. relatif a une partie de ce travail, ainsi
que deux posters, sont placés en Annexe.

Introduction

Cette introduction retrace brievement I’évolution de nos connaissances au cours des siecles
précédents sur le systéme solaire et les exoplanetes. Elle présente les différentes techniques
de détection des exoplanétes et décrit les diverses classes d'exoplanétes, en particulier les
Jupiters chauds. Ces exoplanetes orbitent trés pres de leur étoile si bien que leur atmosphere
atteint plusieurs milliers de kelvins. La section suivante expose trois hypotheses qui visent a
lever 'ambiguité quant a 'origine des Jupiters chauds : comment ces planétes géantes gazeuses
peuvent-elles exister aussi proches de leurs étoiles hotes ?

Différentes techniques d'observation permettent d'enregistrer un spectre infrarouge
unique de I'atmosphére des exoplanetes dont sont extraites sa température, sa densité et sa
concentration caractéristiques. Ces données révelent également de précieuses informations
sur les molécules présentes dans I'atmosphére ; a ce jour neuf especes ont été confirmées.
Enfin, cette introduction présente le projet e-PYTHEAS.
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Chapitre | : Spectroscopie infrarouge du méthane

Le premier chapitre introduit la théorie de la spectroscopie rovibrationnelle du méthane,
molécule cible de cette these. Cette partie expose le regroupement des niveaux vibrationnels
de la molécule de méthane en polyades. Elle détaille les conditions relatives a I'équilibre
thermodynamique local (ETL) ou au non équilibre thermodynamique local (non ETL) et explique
la notion de fonction de partition interne qui donne acces a la probabilité qu'un systéeme occupe
un état énergétique donné. La température d’un gaz étant directement liée a la répartition des
molécules sur leurs différents niveaux d'énergie, l'intensité d'une transition est donc fortement
dépendante de la température du gaz. Ainsi, la méthode du tracé de Boltzmann est une
technique couramment utilisée pour extraire les températures moléculaires des spectres
infrarouges en comparant les intensités relatives des transitions de rotation-vibration.

Vers la fin de ce chapitre, les différentes bases de données spectroscopiques du
méthane sont présentées. A ce jour, de plus en plus de données observationnelles arrivent en
provenance de divers environnements spatiaux et atmospheres extraterrestres. Afin d'étudier
et d'interpréter ces données, il est essentiel de disposer de listes de raies précises qui peuvent
étre utilisées comme fichiers d'entrée pour les codes de transfert radiatif qui a leur tour sont
utilisés pour modéliser les atmosphéres observées ou pour effectuer des mesures de
concentration de ces environnements.

Finalement, les précédentes études spectroscopiques infrarouges relatives au méthane
obtenues dans des conditions ETL et non ETL sont présentées polyade par polyade.

Chapitre Il : SMAUG montage expérimental et son fonctionnement

Le deuxiéeme chapitre commence par une bréve introduction aux écoulements hypersoniques
et rappelle certaines hypotheses et définitions des notions nécessaires a la caractérisation et la
compréhension des propriétés de ce type d'écoulements.

La deuxiéme section de ce chapitre présente la tuyere de Laval. Elle détaille son principe
de fonctionnement et les différentes méthodes pour calculer un profil de tuyére supersonique.
Elle décrit en particulier les différentes phases du processus de conception de la tuyere en
graphite de petite dimension implantée sur le dispositif SMAUG. L’optimisation du profil de la
tuyere est suivie d’'une phase de caractérisation numérique de I'écoulement hypersonique
créé. L'écoulement est simulé au moyen d’un outil de dynamique des fluides numérique (CFD)
et les simulations numériques révelent bien la présence d'un ceeur isentropique froid entouré
de couches limites chaudes. Ces investigations numériques permettent d’optimiser la position
du laser de sonde dans le jet pour les études spectroscopiques, sachant que le faisceau laser
traverse perpendiculairement le jet axisymétriqgue et se fait par conséquent absorber
simultanément par le précieux coeur isentropique froid mais également par les couches limites
beaucoup plus chaudes. Néanmoins, il est montré que l'utilisation d'une tuyére de Laval réduit
considérablement les gradients de température et de densité caractéristiques de la détente de
type jet libre précédemment utilisée au laboratoire.

Une fois validé par ces études numériques, le profil nouvellement concu a été utilisé
pour fabriquer une tuyere de Laval de petite dimension montée sur une source a haute
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enthalpie (HES). Le gaz éjecté par la tuyére a été caractérisé expérimentalement sur une nappe
2D par sonde de Pitot. Les cartographies 2D du champ de ['écoulement obtenues
expérimentalement sont en bon accord avec celles simulées numériquement. Par exemple, un
faisceau d’ondes de choc obliques apparalt au méme endroit, a environ 70 mm en aval de la
sortie de la tuyéere. De plus, I'uniformité radiale du jet est confirmée ainsi que I'augmentation
monotone du nombre de Mach le long de I'axe de la tuyere jusqu'a l'intersection des ondes de
choc obliques. Une fois la présence d'un coeur isentropique froid confirmée
expérimentalement, un spectromeétre d’absorption ultrasensible par mesure du temps de
déclin d’une cavité (CRDS) a été positionné de sorte a sonder ['écoulement
perpendiculairement a son axe. Les performances du montage expérimental en termes de
relaxation d'énergie rotationnelle et vibrationnelle ont été caractérisées au travers d’une étude
spectroscopique préliminaire réalisée avec du monoxyde de carbone mélangé a de I'argon dans
un rapport 5:95.Les spectres confirment une trés bonne relaxation rotationnelle des molécules
et une relation vibrationnelle quasiment inexistante, ce qui correspond bien a la vocation
premiere du dispositif : la spectroscopie infrarouge non ETL de molécules rationnellement
froides et vibrationnellement chaudes.

Le dispositif expérimental est composé d'un élément chauffant (HES) qui préchauffe le
mélange gazeux du gaz porteur (argon) et des molécules actives IR (CO ou méthane) avant leur
expansion a travers la tuyere de Laval discutée ci-dessus. La chambre d'expansion est évacuée
par un ensemble de pompes mécaniques roots et le jet hypersonique est sondé
transversalement par le spectrométre CRDS.

La connaissance de la température initiale du réservoir au sein du barreau de graphite,
en conditions ETL, est cruciale pour mener des investigations précises et approfondies des
molécules dans I'expansion hypersonique. A cette fin, un pyrométre et un thermocouple ont
été introduits dans le systeme afin d'enregistrer la température du réservoir. Cependant, ces
deux procédés renvoient un écart de température systématique, si bien que la température du
réservoir n’est connue qu’avec une incertitude d’environ 300 kelvins.

En conclusion, la technique expérimentale SMAUG équipée de la tuyére de Laval congue
sur mesure délivre un écoulement hypersonigue quasi-unidirectionnel et non ETL. De plus, la
mise en ceuvre de la tuyére réduit avec succes les gradients radiaux de température et de
densité, ce qui limite efficacement I'élargissement des raies de rotation-vibration. Cela rend le
dispositif idéal pour simplifier la structure rotationnelle des spectres infrarouges et donc
étudier les modes vibrationnels a haute énergie de gaz plus complexes tels que le méthane.

Chapitre Ill : Non ETL spectroscopie du méthane

Le troisieme chapitre expose les résultats extraits du spectre non ETL du méthane dans la région
spectrale 1,60-1,67 um, avec une température initiale avant détente estimée a 850 K. Tout
d'abord, le spectre obtenu en jet hypersonique est comparé a deux spectres enregistrés au
LIPhy (Grenoble) en conditions ETL a 81 K et 964 K. La comparaison souligne les avantages de
I'approche non ETL pour accéder aux états vibrationnels excités du méthane : i) la faible
température translationnelle offre une largeur de raie réduite, ii) la forte relaxation
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rotationnelle offre un spectre simplifié et enfin iii) la relaxation vibrationnelle inefficace garantit
gue certains niveaux d'énergie vibrationnels restent effectivement peuplés.

La section suivante du chapitre se penche sur la largeur des raies d’absorption, certes
faible mais pourtant supérieure a la valeur attendue en raison de la tres faible température de
translation (< 39K). Il s’avere que la cumulation des effets Doppler thermique et convectif (d{
a la légere divergence du jet) explique bien la valeur expérimentale de la largeur de raie.

La tache suivante consiste a déterminer les températures de rotation et de vibration
caractéristiques afin d'identifier les raies observées pour la premiere fois et non encore
recensées dans les listes de raies empiriques. Grace a une premiére analyse du spectre CHs non
ETL enregistré, les relaxations rotationnelle, vibrationnelle intra-polyades et vibrationnelle
inter-polyades ont été caractérisées quantitativement. La rotation est bien relaxée selon une
distribution de Boltzmann caractérisée par une température de 39 K. Les températures
vibrationnelles extraites refletent une relaxation intra-polyade efficace qui dépeuple les
niveaux vibrationnels élevés de chaque polyade, alors que la relaxation entre niveaux d’énergie
appartenant a des polyades différentes est considérablement plus faible, ce qui conduit a une
accumulation de la population vibrationnelle sur le premier état de chaque polyade.

Les températures vibrationnelles obtenues, dont certaines supérieures a la
température du réservoir en raison de 'accumulation de la population sur le premier état de
chaque polyade, soulignent les spécificités essentielles du dispositif expérimental. L'importante
relaxation rotationnelle et intra-polyade assure la détection des raies correspondant aux
transitions issues de la pentade et de l'octade en augmentant drastiquement la population des
états vibrationnels de base de ces polyades. Ces relaxations éliminent d’autre part un nombre
considérable de raies du spectre, permettant I'analyse précise de celles restantes.

A la suite d’une analyse préliminaire qui reste & compléter, 22 transitions ont été
identifiés, dont 15 transitions issues de I'état vibrationnel le plus bas 2v4(A1) de la pentade.
Trois transitions partent de I’état vibrationnel suivant de la pentade, 2v4(F2). Enfin, 4 raies ont
été repérées au départ de I'octade : trois correspondant a |'état vibrationnel 3v4(F2) le plus bas
et une a l'état vibrationnel 3v4(F1). Tous les candidats rapportés correspondent a des
transitions rovibrationnelles a faible J avec Jmax = 4.

Chapitre IV : Spectroscopie post-choc

Une nouvelle technique appelée « spectroscopie post-choc » est décrite dans ce chapitre. En
raison du manque de population sur les états vibrationnels les plus élevés au sein de chaque
polyade, I'approche non ETL ne peut pas donner un apercu des transitions des bandes chaudes
provenant de ces états. De plus, bien que la structure de rotation simplifiée soit un avantage
pour accéder a des positions de raies précises et faciliter leur identification, il est clair que les
conditions non ETL éliminent un grand nombre de transitions de haute valeur de J du spectre,
ce qui peut étre percu comme une perte d'information. Une approche expérimentale originale
complémentaire a été développée pour accéder a ces transitions manquantes.

La premiére section de ce chapitre présente les notions de base théoriques relatives a
la physique des ondes de choc normales car le nouveau procédé expérimental mis en place
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consiste a créer une onde de choc détachée stationnaire en amont d’un obstacle placé dans
I’écoulement hypersonique. Le role de I'onde de choc est de reconvertir I'énergie cinétique du
gaz en enthalpie et de sonder la couche de choc pour obtenir le spectre haute température
dans des conditions proches de I'ETL.

Des études antérieures utilisant une plague de 50 mm de diameétre ont révélé certains
inconvénients tels qu'une forte composante de vitesse radiale dans la direction du laser qui a
provoqué, d'une part, un élargissement de la raie convective Doppler et, d'autre part, un re-
refroidissement du gaz sondé car son énergie cinétique est redevenue significative. Pour pallier
ces inconvénients, un cylindre de plus petit diametre correspondant a celui de la sortie du jet
hypersonique a été placé dans I'écoulement, 20 mm en aval de la tuyére de Laval.

Le nouveau dispositif expérimental a une fois de plus été caractérisé au moyen de
simulations numériques CFD. Une étude axiale de I'écoulement permet de localiser la position
et la forme du choc et indique la zone de I'écoulement la plus intéressante a sonder pour les
mesures spectroscopiques, en |'occurrence le plus prés possible de |'obstacle générateur de
choc. Les simulations numériques révelent derriere I'onde de choc un champ d'écoulement a
haute densité et a haute température prometteur pour la spectroscopie infrarouge.

Suite a la caractérisation numérique du choc, un diagnostic spectroscopique
préliminaire a été réalisé en utilisant le CO comme traceur. Ces observations confirment bien
les simulations CFD, c'est-a-dire une augmentation progressive de la température et de la
densité du gaz au fur et a mesure que |"écoulement subsonique de la couche de choc
s'approche de l'obstacle. Il semble donc que la position la plus favorable du laser pour réaliser
la spectroscopie d'un gaz chaud soit celle qui est la plus proche possible de I'obstacle. En
conclusion, les molécules de CO sondées dans la couche post-choc sont toujours en régime non
ETL avec (Trans = Trot) < Tuib. Cependant, cette couche présente un déséquilibre nettement moins
marqué que dans le noyau hypersonique isentropique (Trans = Trot <K Tuip)). Il @ ainsi été
démontré que la spectroscopie post-choc donne acces a des états rovibrationnels a J élevés et
a des états d'énergie vibrationnel excités. Cette nouvelle approche a ensuite été appliquée a la
spectroscopie du méthane.

Le spectre du méthane post-choc a été enregistré dans deux conditions de température
différentes. Une analyse exhaustive des spectres de méthane post-choc est toujours en cours
et les résultats seront publiés dans une revue a comité de lecture.

Chapitre V : Projet Platypus

Le cinquieme chapitre révele un tout nouveau développement instrumental amorcé dans le
cadre d’une collaboration avec des chercheurs du laboratoire « Space Plasma, Power and
Propulsion » de Canberra, baptisé projet Platypus. Cette nouvelle collaboration s’intéresse a
des projets de physique appliquée et fondamentale liés a des plasmas en expansion pour le
développement de nouveaux propulseurs spatiaux et la production de nouvelles données
spectroscopiques non ETL.

Ce chapitre présente brievement ce qu'est un plasma avant de décrire la nouvelle
source radiofréquence (RF) développée a Canberra a partir d’'un prototype de propulseur
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spatial miniaturisé (« Pocket Rocket »). L'objectif est de détendre le plasma RF dans la chambre
a vide du dispositif SMAUG afin de sonder par CRDS le jet supersonique ainsi créé. Le caractere
supersonique de I'expansion est confirmé par la présence visuelle de la structure en diamant
des ondes de chocs qui se forment en aval de I'injecteur.

Une fois de plus le CO a été utilisé comme molécule test pour caractériser par
spectroscopie le jet de plasma issue de cette source de puissance modérée de 30 W. Le
caractere hors d'équilibre du jet a été confirmé, validant notre nouvelle approche pour
produire des spectres infrarouges non ETL. Cette source plasma prépare en effet efficacement
les molécules dans un état de trés fort déséquilibre, comme en témoigne la température
vibrationnelle incroyablement chaude mesurée autour de 2400 K, combinée a une température
de rotation favorablement basse de 28 K. De plus, il est satisfaisant de constater que la section
de sortie importante de I'injecteur rectangulaire délivre bien un jet supersonique, doté de plus
d’'une densité suffisamment élevée pour que le CRDS détecte les transitions de CO et
caractérisé par une vitesse radiale suffisamment faible qui évite |'élargissement indésirable des
raies d’absorption.

Conclusions et perspectives

Cette these a porté sur le développement de nouvelles approches expérimentales pour
produire des données spectrales de laboratoire a haute résolution et haute température, en
particulier de la molécule de méthane, molécule clé pour I'atmosphére des Jupiters chauds. Les
développements et les innovations techniques apportés ont contribué a surmonter les
inconvénients propres au dispositif précédent basé sur "utilisation d’un jet libre. Ce travail de
these a fourni des données spectroscopiques infrarouges sans précédent du méthane chaud
impliquant des niveaux d'énergie vibrationnelle proches de 10000 cm™.

L’analyse exhaustive des spectres du méthane produits au cours de ce travail est
toujours en cours, elle fera I'objet de publications a venir. Méme si cette thése s'est focalisée
sur le méthane, le dispositif SMAUG est prét a recevoir d'autres hydrocarbures comme
I'acétyléne dont la présence a déja été confirmée dans I'atmosphere des Jupiters chauds, ou
I'éthylene et I'éthane qui sont fortement soupconnés d'y étre présents.

D'un point de vue technique, afin d'augmenter la longueur du trajet d'absorption des
photons de la cavité optique a travers la partie isentropique froide du jet, une tuyere planaire
actuellement en cours de développement, sera équipée d'un nouveau systeme de chauffage
en céramique. Cette nouvelle méthode de production d'un jet planaire réduira
considérablement la contribution des couches limites au spectre d’absorption, en simplifiant
encore l'analyse. Autre avantage important, la sensibilité du systéeme augmentera, rendant
détectables des transitions invisibles par la configuration actuelle. Enfin, le remplacement de
I'élément chauffant en graphite par un élément en céramique permettra d'ouvrir I'étude a de
nombreuses molécules oxydantes.

Finalement, Platypus, le « Pocket Rocket » modifié, pourrait contribuer a I'étude de
I'efficacité des systémes de propulsion miniaturisés. Les combustibles solides, comme le
naphtalene, offrent une grande quantité d'énergie dans un petit volume qui, grace au
chauffage électrothermique, comme dans le Pocket Rocket, forme un plasma a haute
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température. L'efficacité de la propulsion repose sur une conversion de I'énergie thermique en
énergie de translation du gaz ionisé afin de déplacer des petits satellites de type CubeSat.
SMAUG, avec son systeme de diagnostic innovant permettrait une étude précise sur la facon
dont I'énergie thermique initialement conférée au naphtaléne par la décharge micro-onde se
répartie dans la translation et les niveaux d'énergie de rotation et de vibration des molécules
gazeuses qui forment le jet propulsif. Seule la translation des molécules agit sur le pilotage du
satellite ; I'énergie piégée dans la rotation et les vibrations sont malheureusement gaspillées.
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Spectroscopie hors équilibre du méthane en jet hypersonique pour la caractérisation des

Jupiters chauds

Mots clés : spectroscopie infrarouge ultrasensible, méthane, écoulement hypersonique,

exoplanétes, plasma froid

Résumé : Le systeme expérimental de pointe
SMAUG a été développé pour produire des
données de référence spectroscopiques
infrarouges inédites pour la détection de
nouvelles molécules et la reconstruction de la
structure verticale de I'atmosphére
d’exoplanétes de type Jupiter chaud. Une mini-
tuyere de Laval en graphite, connectée a une
source de haute enthalpie et couplée a un
spectrométre par temps de déclin d’'une cavité
optique (CRDS), a été développée afin de
produire des spectres infrarouges a haute
résolution et haute température du méthane
dans la région a 1,67 um. Le dispositif
expérimental fonctionne dans deux
configurations complémentaires pour accéder
aux signatures infrarouges complexes du
méthane dans ses états vibrationnels fortement
excités. Une détente hypersonique produit un
état de trés fort déséquilibre thermodynamique
moléculaire, associé a des températures
vibrationnelles élevées et une température
rotationnelle trés basse.

Du spectre hors équilibre sont extraites les
positions précises des niveaux d'énergie
vibrationnels excités qui affinent la surface
d'énergie potentielle du méthane et améliorent
la précision des modéles théoriques
variationnels ab initio qui fournissent les listes
de raies spectroscopiques a haute température
a la communauté des planétologues. Une
nouvelle technique CRDS post-choc conduit a
des conditions proches de TI'équilibre
thermodynamique local. Les températures
vibrationnelle et rotationnelle élevées atteintes
donnent accés a la structure rotationnelle
complete des différentes bandes obervées, de
méme qu’aux bandes chaudes vibrationnelles
issues des états les plus excités de chaque
polyade du méthane. En paralléle, , une source
plasma radiofréquence de type Pocket Rocket a
été adaptée et utilisée comme moyen de
chauffage alternatif.. Ce travail de thése a été
réalisé dans le cadre du projet ANR e-
PYTHEAS qui vise a mieux connaitre la
formation des exoplanétes et leur évolution.

Non-LTE spectroscopy of methane in hypersonic flow for the characterisation of hot Jupiters

Keywords: infrared ultrasensitive spectroscopy, methane, hypersonic jet, exoplanets, cold plasma

Abstract: A state-of-art experimental system,
SMAUG has been developed to produce
unprecedented infrared spectroscopic reference
data that will help planetologists to detect new
molecules and reconstruct the vertical structure
of the atmosphere of exoplanets. A specially
designed small dimension Laval nozzle
connected to a compact high enthalpy source
equipped with cavity ringdown spectroscopy
(CRDS) is used to produce high-resolution
infrared spectra of polyatomic molecules in the
1.67 um region. The experimental setup can
operate according to two complementary
working regimes to interpret the complex pattern
of highly-excited vibrational states. The
hypersonic jet delivers a strong out-of-
equilibrium state, in which vibrationally hot and
rotationally cold high-resolution infrared spectra
was recorded.

The obtained non-Local Thermodynamic
Equilibrium (LTE) spectrum of methane
provides accurate positions of the upper energy
levels to refine the potential energy surface on
which ab initio variational theoretical models are
based. A post-shock CRDS technique results in
conditions close to LTE which allow the analysis
of a more complex rotational structure and
complete information on the excited hot
vibrational energy levels. Parallelly, through a
collaboration, a transformed Pocket Rocket
plasma source was developed and implanted
into SMAUG to investigate an alternative
heating system with more elevated vibrational
energy levels. This work was done in the frame
of the e-PYTHEAS project that focuses on high-
temperature spectroscopy of small
hydrocarbons.
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