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1 ABSTRACT

1 Abstract

This master's thesis presents the implementation of a pulsed discharge nozzle (PDN)
for resonance-enhanced multiphoton ionization (REMPI) spectroscopy with a time-of-
ight mass spectrometer (ToF-MS). The PDN is used to produce various species in the
discharge region from di erent precursor samples (methane, nitrous oxide, ammonia, ben-
zene) seeded in helium. These molecules expand in a supersonic jet and are subsequently
extracted into a molecular beam. With the usage of a tunable dye laser (302.5 - 327.5) nm,
the molecular beam is probed and the ions are detected in a ToF-MS. In order to demon-
strate the successful implementation, a 1+1 and a 2+1 REMPI spectrum of the mass
signal 4 u (helium) in the range of (30500 - 33000) crhis presented and transitions from
the metastable states 2$'®S into various Rydberg states are assigned. Furthermore,
the 2+1 spectrum of mass 30u (NO) in the range of (61070 - 66100) cimis depicted
with several assignments of spectral features from the ground state X to the vibra-
tional progressions of (B, L)> and B'?> valence states, as well as to (D, E, H, Mj ,
(C,H,K) 2 and F2 Rydberg states. Additionally, a vibronic simulation of NO is
performed inPGopher . Lastly, a qualitative description regarding the impact of sample
composition is performed for the mass signals (54, 56, 58, 60) u, which remain unidenti ed.



2 INTRODUCTION

2 Introduction

Human curiosity about the stars in the night sky, our solar system, and its e ects on
our lives on earth can be traced back thousands of years. Alongside the invention of
telescopes and other devices for astronomy, the advent of the spectrometer gave our
curiosity a new instrument and a whole new set of eyes for observing the vast space
around our planet. The rst astronomical spectrometers used on objects in- and outside
of our solar system are credited to various spectroscopic pionedrd-raunhofer, G.B

Donati, L. M. Rutherford, G.B. Airy and W. Huggins (just to name a few), who
were active during the 19 century [1]. Besides the interest in other starsyV. Huggins
proved that interstellar nebulae mainly consist of gaseous material in 1868 [2]. As it
turned out, hydrogen and helium amount to 99% of cosmic matter, the remaining 0.1%
are composed of carbon, nitrogen and oxygen. The interstellar medium (ISM) enfolds
the space between the stars and contains parts of the above-mentioned species within
dense clouds. Even though there is a relatively low abundance of carbon, nitrogen and
oxygen amidst these clouds, complex chemistry is taking place, leading to the formation
of various organic molecules. Soon after the implementation of spectrometers as viable
instruments for the analysis of light from stellar and interstellar objectsM.L. Heger
discovered two interstellar spectral lines around 580 nm in 1922 [3], which are the rst two
lines as part of a great spectroscopic mystery: the di use interstellar bands (DIBs). The
origin of these DIBs remains unidenti ed until today, 100 years later. A brief historical
overview and some observational facts about DIBs are provided in Section 3.1. Today,
there are over 500 unidenti ed spectral lines originating in the ISM speculated to arise
from complex hydrocarbon species. These species are well studied in the microwave
and infrared region, however, there is less comprehension of these molecules in optical
and ultraviolet spectral ranges. During the last century, numerous astronomical studies,
as well as laboratory e orts were made with the purpose of recognizing the carriers of
DIBs. P.W. Merril, O.C. Wilson delivered early contributions to the mystery by
demonstrating the correlation of the signals with interstellar extinction [4]. Moreover,
G.H. Herbig characterized almost 40 in 1975 [5] which was followed by the listing of 400
DIBs by L.M. Hobbs etal. in 2008[6]. DIBs were also recently found among observations
of other galaxies, e.g. in the Andromeda galaxy bZorinder et al. in 2010 [7]. The
identi cation of the DIB carriers would certainly extend our knowledge of the ISM and

in turn also our understanding of how the solar system was formed. The only successful
assignment of two DIBs resulted in the assignment to the molecular complex of fullerenes
(Ce0), being achieved byE.K. Campell, J.P Maier in 2015 [8].

6



2 INTRODUCTION

In order to identify these interstellar signals, it is necessary to generate laboratory spec-
tral data for comparison. The viability of laboratory data is only given if an experi-
ment meets the conditions found in space, i.e. a cold, collision-free environment. These
conditions can be reproduced by implementing a laboratory technique involving super-
sonic jet expansion into a vacuum chamber through a skimmer. The skimmer extracts
a molecular beam from the expansion cone. The rst molecular beam sources were pi-
oneered byG. B. Kistiakowsky, W. P. Slichter in 1951 [9] and further developed
by G. Scoles in 1968 [10]. These sources provide cooling of a gaseous sample down to
50 K, as well as situating the sample within a beam which imparts an interaction-
free environment. In addition to this method, a pulsed discharge nozzle (PDN) can be
implemented for the production of complex hydrocarbon species from simple precursor
molecules. This technique was rst developed bip.T. Anderson et al. in 1996 [11]
and further developed byL. Biennier, F. Salama in 2003 [12]. The PDN technique
o ers the option for synthesis of di erent species, alongside the extraction into a molecular
beam, ful lling all requirements mentioned above. In consideration of the PDN, a prac-
tical spectroscopic technique is employed via resonance-enhanced multiphoton ionization
(REMPI), which was rst performed on molecules byS.L. Chin in 1971 [13], followed by
REMPI studies of molecular beams byp.L. Feldman et al. in 1977 [14]. As the name
suggests, the REMPI technique utilizes multiple photons at resonances for soft ionization
of atoms and molecules. This method is suitable for spectroscopy on molecular beams
with unknown composition, due to its high selectivity and easy implementation via a
tunable laser radiation source. Furthermore, this technique can be paired with a mass
spectrometer (MS) as ion detector. This combination was used by numerous laboratory
groups and counts as a standard method for laboratory spectroscopy. As the molecular
beam contains various species with di ering masses, a time-of- ight (ToF) spectrometer
by the design ofW.C Wiley, I.H. Mclaren is employed [15].

This project utilizes the REMPI technique in combination with a ToF-MS for the gener-

ation of laboratory spectral data of carbon-bearing molecules in a molecular beam, pro-
duced via a PDN. The scope of the presented master's thesis is the implementation of the
PDN within an already existing REMPI-MS experiment. The successful implementation

of the PDN is demonstrated via the analysis of obtained MS data. The demonstration
focuses on mass signals which can be measured as a direct consequence of the correct
implementation of the PDN.



3 FUNDAMENTAL ASPECTS

3 Fundamental aspects

This section will contain the basic theory and background to topics essential to under-
standing the experiment and the motivation behind this work, in particular, di use inter-
stellar bands, electrical discharge, resonance-enhanced multiphoton ionization and mass
spectrometry.

3.1 Diuse Interstellar Bands

The term di use interstellar bands describes a variety of unidenti ed spectral absorption
features, mainly in the visible part of the electromagnetic spectrum. They were rst dis-
covered byM.L. Heger [3] in 1922 along sightlines of reddened stars. This discovery
was con rmed by Merill  in 1930[16]. Since then, over 500 spectral features with un-
known carriers were discovered in many astronomical sightlines which remain an unknown
spectroscopic phenomena until today. This section is dedicated to being a short overview
about these enigmatic di use interstellar bands (abbrev. DIBs).

A brief history

Mary L. Heger recorded the rst DIBs during her Ph.D. research at Lick Observatory,
whilst observing the binary system Persei and Persei (HD23180). She observed
two stationary spectral features at 5780 A and 5797 A, mainly in the spectrum of the
bright reddened star Persei, suggesting to be interstellar features. A few years later
P. W. Merrill con rmed the ndings of Heger and investigated these features more
closely. In the spectrum of heavily reddened HT Sagittae (HD183143Yerrill  found
two additional features near 6284 A and 6614 A and con rmed their interstellar origin in
1930 [16]. In a later publication Unidenti ed interstellar lines in the yellow and red

by P.W Merrill, O.C Wilson (1938) [4] two additional lines were added to the list
of signals with diuse edges which seem to appear in spectra of O - A type stars.
These signals behave like interstellar lines concerning their occurrence, intensity and dis-
placement. In contrast to stellar lines, these DIBs do not display Doppler shifts due to
the movement of the investigated stars. FurthermoreP.W Merrill, O.C Wilson
demonstrated that the central absorption of these features are correlated with interstel-
lar reddening, as well as their correlation to the intensities of interstellar sodium lines.
Since the early 20th century the technology and techniques for measuring and analyzing
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spectral data from interesting sightlines improved signi cantly and many more DIBs were
discovered and documented. In 197%. H. Herbig characterized 39 DIBs [5] and only
3 decades latet.. M. Hobbs et al. were able to list 400 DIBs (with 135 new lines) [6] in
2008. Today there are over 500 known DIBs with widths between2cm * and 100cm !,
mainly along sightlines of heavily reddened early-type stars. Furthermore, DIBs are not
only found in our galactic plane, but also in e.g. the Magellanic cloud&frenfreund

et al. 2002 [17]) and in the Andromeda galaxy M31Qordiner et al. 2011 [7]). Due
to their abundance along the night sky and their correlation with interstellar extinction,

it is commonly believed that DIBs originate from complex carbon-bearing molecules. In
fact, E.K. Campell, J.P. Maier have con rmed the fullerene G, as the carrier of two
DIBs at 9632 A and 9577 A [8]. Surely, solving the mystery of these DIBs would foster
our understanding of interstellar chemistry.

Characteristics of DIBs

Di use interstellar bands received their name due to their broad pro les in comparison to
well-known atomic or molecular lines. As mentioned above, the widths of DIBs range from
2cm 1 and 100cm? and their di useness is commonly attributed to short lifetimes of

the excited states, as discussed iymith et al. in 1977 [18]. Most features can be found
in the range between 4000 A 13000 A. Furthermore, the bands arise in interstellar rather
than stellar or circumstellar material and can be observed in numerous cases e.g. in the
spectrum of Persei, which was observed on ve successive days in the range of DIBs
5780 A to 5850 A. Figure 1 clearly shows stationary DIB features in comparison to Doppler
shifted stellar lines. Therefore, DIBs most likely originate from translucent interstellar
clouds. These clouds display various interstellar absorption features, for instance, the
continuous extinction of starlight, polarization by interstellar dust, as well as interstellar
atomic lines and spectral features of molecular species. In fact, the equivalent widthg Y

of DIBs are correlated with the color excess of an observed star in a given sightline [19].
Interstellar reddening equates to the color excess(B V) = (B V) (B V)o

of an observable object and is de ned by the di erence between its observed color index
(B V) and the intrinsic color index(B V)o, which the object should have without any
reddening. The color index of an astronomical object describes its color via its magnitude
measured by observing the object through two lters, using the UBV photometric system
with B 445nm for blue andV ~ 551nm for visible light. Thus, the color excess can
be used as an indicator for interstellar reddening and it is used for the classi cation of
stellar and other astronomical objects. The degree of correlation between DIBs is strong.

9
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Figure 1: Five spectra of Persei taken on ve successive days by the Bohyunsan Optical
Astronomy Observatory in 2004 with a spectral resolution oR = 90000. Several DIBs
and interstellar (1S) sodium lines Nal were observed, alongside the stellar Silll, Hel and
Fell features. Clearly, the well-known sodium lines, as well as the DIBs, are stationary,
while the stellar features are Doppler shifted, due to the variable radial velocity. This
proves the interstellar origin of these DIBs. Image is taken frordrelowski  2018[19].

Figure 2 illustrates the correlation between the equivalent width of the narrow DIB at
5797 A and the broad DIB at 5780A for 70 targets. The survey reveals a correlation
coe cient C; betweenE(B V) and the W; greater than 0.8, indicating that interstellar
reddening, therefore interstellar dust and di use interstellar signals are somehow related.
However, there are cases where the strength ratios BB V) of di erent DIBs can
vary from target to target. This was demonstrated byKrelowski et al. in 1988 while
observing two nearby stars with very similar E(B-V). The strength ratio of the major
5780 A and 5797 A proved to be dierent by a factor of three. In contrast, DIBs can
be observed in cases of very lo&(B V) [19], hence their carriers might not need
protection against di use UV radiation. Nevertheless, interstellar molecules could form
either by random collisions in the gas-phase or on the grainy surfaces of interstellar dust.
Thus, the correlation between interstellar extinction and the intensities or pro les of DIBs
may be of fundamental signi cance.

10
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Figure 2: Correlations between the equivalent widths of DIBs at 5797 A (left) and 5780 A
(right) and E(B V) of several targets. Their correlation coe cient isCs797 = 0:89 and
Cs780 = 0:80 respectively [19].

As mentioned above, the pro les of DIBs vary substantially along di erent sightlines and
between di erent DIBs. Generally, DIBs can be classi ed as narrow or broad features.
There are a hand full of very broad DIBs with widths from 30cm ! and 100cm®.
Figure 3 depicts the famous DIB at 4430 A, which was proven to be interstellar Beals

and Blanchet in 1937 [20] and described in further detail bysreenstein and Aller

in 1950 [21]. These broad DIBs seem to show a Gaussian line shape and are very hard
to detect. Their measured rest wavelength depends on proper continuum settings and
the correct elimination of stellar lines since these DIBs are comparatively weak. Fur-
thermore, several broad features do not contain any substructures, at least this was
proven for the DIB at 4430 A by Snow et al. in 2002 [22]. Other broad features, e.g.
(4481,54505778 ) A do not show any internal structures either [5]. Besides few broad
DIBs, there are numerous narrow features with FWHM 3cm ! with quite complex
pro les. As technology improved, high signal to nois€S=N) measurements revealed sub-
structures of these narrow bands, as well as Doppler splitting in many cases. Figure 4
shows the DIB at 6196 A in comparison to the well-known interstellar line of Methyli-
dyne CH 4300.3A in the sightline of HD167971. The interstellar CH line displays an
evident Doppler splitting contour in this sightline, following the movement of the inter-
stellar cloud. The DIB 6196 A shares a similar splitting contour which provides evidence
that the di use band is in fact of interstellar origin.

11
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Figure 3: The spectra of DIB 4430 in the reddened sightlines of HD166734 and HD183143.
The upper spectrum, taken by the European Southern Observatory (ESO) with a spectral
resolution of R = 48000, clearly shows the broad di use band. The lower spectrum depicts
the same band with some contamination by stellar helium and oxygen lines which were
detected by the Canadian-France-Hawaii-Telescope (CFHT) with a spectral resolution of
R = 67000. Image is taken fromKrelowski 2018 [19].

Proposed carriers

The extensive amount of documented DIBs suggests that they likely originate from dif-
ferent species. Nowadays there is common agreement about the molecular origin of DIBs,
but unfortunately for most DIBS, there are still no de nite assignments of these lines to
any speci ¢ molecules. The strength ratios between a given set of DIBs were discovered
to be correlated for di erent sightlines [23]. This discovery led to the introduction of DIB
families, grouping various DIBs which exhibit an observable correlation in signal strength
for di erent sightlines. Although in general, these DIB-DIB correlations do not explicitly
infer that the signals are associated with the same carrier, the relation can be helpful for
the identi cation of their origin. The rst set of weak DIBs near 6800 A, which might be

a liated, were discovered by Herbig in 1988 [24]. The set contains several DIBs with
uniformly spaced 35cm? intervals, hence suggesting a molecular species as origin. Un-
fortunately, the observed spectral range is densely populated with weak DIBs, therefore

12
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Figure 4: Spectra of reddened HD167971 taken by ESO with a spectral resolution of
R = 80000 and R = 110000 The spectra show Doppler splitting of the interstellar
CH 4300.3 A line with respect to the radial velocity. The DIB at 6196 A shows similar
splitting. Image is taken fromKrelowski 2018 [19].

the features may be blends of signals of di erent origins. As a result of many unknown
parameters there are ongoing debates about the DIB carriers. Interstellar dust grains were
proposed as carriers, due to the correlation between DIBs and color excess. These were
ruled out from investigations about the connection between DIBs and the polarization
of observed light caused by dust grains. There is no evidence supporting a correlation
to polarization, which was shown byCox et al. for 45 DIB proles in 2011 [25]. The
occupied spectral range, the seemingly correlated DIB signals and the substructure found
in narrow DIBs suggest molecular origins. Popular candidates are carbon-based chain
molecules found in star-forming regions, but not yet in translucent gas clouds, along with
polycyclic aromatic hydrocarbons (PAHS) due to their interstellar abundance. As men-
tioned in the rst part of this section E.K. Campell, J.P. Maier have con rmed G,

as the carrier of two infrared DIBs in 2015 [8],

In the pursuit of solving this century-old problem, laboratory and observational data are

essential. An experimental design for gaining relevant spectral data has to mimic the
conditions in interstellar space. The DIB carriers are situated in a cold and collision-free
environment. The purpose of this work is to implement techniques for the production of

13
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possible DIB carriers in order to obtain their spectral data and by doing so contribute to
the ongoing discussion about the origin of DIBs.

3.1.1 Polycyclic Aromatic Hydrocarbons

Polycyclic aromatic hydrocarbons (PAHS) are a class of stable aromatic organic molecules,
consisting of at least two fused benzenoid rings and hydrogen atoms. On earth PAHs
are common products of incomplete combustion and pyrolysis of any kind of organic
materials. They can be found in soot, automobile exhaust and cigarette smoke, just to
name a few [26]. The rich chemistry of carbon is not only present on earth but can also
be found in the interstellar medium. Since carbon is one of the most abundant elements
In space, it is expected that carbon and all carbonaceous species in interstellar clouds
are of crucial astrophysical importance. PAHSs in particular are largely responsible for
the ubiquitous infrared (IR) emission bands [27], which can be found in many interstellar
environments local to our galaxy, as well as in other galaxies [28]. PAHs are also considered
as possible carriers due to their stability against UV photo-dissociation [29]. Several
surveys from IR space satellites, e.g. Spitzer, have con rmed the omnipresence of PAHS
throughout the general di use ISM [30] and therefore their importance in the identi cation

of interstellar signals. PAHs are expected to be present as a mixture of free, neutral and
ionized molecules with a broad size distribution ranging from small gas-phase molecules
(with 25 carbon atoms) to large complex graphitic compounds. Thus, PAHs constitute
the link between interstellar dust and mediate chemical processes in the ISM. In order to
identify PAH signatures in observational data, the species must be characterized in the
laboratory rst. Besides the synthesis of the right molecule, laboratory experiments have
to mimic the harsh physical conditions in space, i.e. the experimental sample should be
free of collisions and be probed at low temperatures. A simple and e ective laboratory
technique utilizes a pulsed discharge nozzle (PDN) to provide similar conditions to the
previously mentioned. The application of a PDN results in the synthesis and isomerization
of various species in the discharge and subsequent cooling of the sample via jet-expansion
into a vacuum. Afterward the sample can be extracted into a molecular beam, where
the sample moves in a collision-free environment. Although the conditions in space are
fundamentally di erent, the employment of a PDN is su cient to generate PAHs and
expose them to a similar scenario. This technique, when paired with a spectrometer, can
provide insight into the energetic structure of PAHs and contribute to the identi cation

of PAHSs in space and their connection to DIBs.

14
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3.2 Pulsed discharge slit nozzle

One of the main features of this work is the production of di erent species and radicals
from a precursor sample via electrical glow discharge. Electrical discharges are common
in nature, e.g. arc discharges in clouds, and are widely used in laboratories. As the name
suggests, an electric discharge is a transmission of electricity caused by the application of
an electric eld. In this case, the discharge of a sample seeded in an inert carrier gas takes
place before a supersonic expansion through a pulsed slit nozzle. This technique dates
back to 1983 [31] when OH radicals were studied using a single pin discharge in combina-
tion with a continuous gas ow nozzle. The usage of a pulsed long slit nozzle paired with a
set of sharp edges (jaws), which were used as electrodes, was tested and successfully used
by several groups around 1996, name$§. Davis, D.T. Anderson, G. Duxbury et al.
[11], T. Motylewski, H. Linnartz [32] and others. These groups used the supersonic
expansion technique to cool down their respective samples and introduced them into a
discharge, leading to the formation of radicals and other species. This work utilizes the
PDN design by T. Motylewski, H. Linnartz in combination with a mass spectrom-
eter. In this section the design of the PDN and the essential characteristics of the plasma
are discussed.

Nozzle design

The PDN design by T. Motylewski, H. Linnartz was developed short before the
turn of the millennium and is described in detail in [32]. As mentioned in the rst sec-
tion, spectral data from samples, obtained in laboratories are only usable for comparison
with observational data if the experimental environment mimics the conditions in space.
Primarily, the nozzle is used for supersonic cooling of the sample gas. The cooling oc-
curs due to the rapid expansion of the pressurized gas from the nozzle into an evacuated
chamber. During the expansion, the velocity distribution of the gas changes in favor of a
velocity in the direction away from the nozzle. The conversion of the previously random
movement of the gas into directional movement results in translational cooling of the
sample. In the initial stages of the expansion, molecules within the expansion cone lose
their energy stored in vibration and rotation through low energy collisions with adjacent
molecules [33]. Hence, the supersonic expansion technique allows for vibrationally and
rotationally cool samples with temperatures around 40 K (depending on the carrier
gas) and additionally improves the sensitivity of the experiment, as the population is
more shifted towards lower energy states. The schematic of the nozzle with slit ori ce is
given in g. 5. First of all, the nozzle (9) in g. 5 is used to control the gas ow into

15
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Figure 5. Cross-section of the PDN design by. Motylewski, H. Linnartz . The
electromagnetic driven pulsed valve (9) is shown in the bottom part of the schematic.
The oating body (8) of the slit ori ce and discharge assembly is mounted on top of the
valve. An o-ring (10) separates both parts from each other and ensures operation without
leakage. The actual slit (5) is formed by two sharp stainless steel jaws (4), where a pulsed
negative voltage is applied. Another metal plate (2) is used as grounding. Two ceramic
(MACOR) plates (1,3) and isolated screws (6,7) are used as insulators. [32]

the chamber. The nozzle is placed under constant pressure by the sample gas. The gas
ow is blocked by a plastic poppet (11) pushed by a spring against the nozzle ori ce.
An electromagnetic pulse contorts the spring and the poppet is pushed back by the gas
pressure. Subsequently, the gas ows through the body of the slit orice (8) which is
mounted on top of the nozzle. A rubber o-ring (10) prevents leakage between the nozzle
and oating body. The volume inside the body is kept as small as possible with the
purpose of keeping the length of the gas pulse close to the initial opening time of the
valve. Additionally, the small reservoir in front of the valve operates as a gas bu er,
ensuring a stable and constant gas ow into the slit ori ce. A ceramic (MACOR) insula-
tor (1) is mounted on top of the body, followed by a metal plate (2) as grounding. The
insulation is completed by adding another ceramic insulator (3) on top of the ground-
ing plate. The discharge is achieved by two sharp edges (4) which form the actual slit
ori ce (5). These metal jaws are accurately spaced 200n by using a precision spacer.
The uniformity of the slit is crucial to an even discharge of the sample gas as it passes
through the slit. The whole assembly is held together by using electric insulated screws
(6,7). The arrangement of the parts is done in such a manner that the discharge strikes
the grounding plate which localizes the reaction zone to a region upstream of the expan-

16
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sion. This was shown byS. Davies et al. in an e ort to study jet-cooled molecular
radicals [11]. Fig. 6 depicts a cross-sectional view of the slit discharge used in their work.
The assembly ensures the cooling of the sample, as

well as a uniform discharge con ned upstream of the

expansion while electrons ow towards the ground-

ing plate. This geometry results in a more e cient

cooling as the discharge and the adiabatic expansion

occur independently from each other. The negative

polarity of both jaws with respect to the ground-

ing plate is important since there is a big dier-

ence between the mobility of negative and positive

charge carriers within the downstream ow direc-

tion. A large positive voltage across the jaws is

much less favorable for the ux of heavy cations

upstream against the ow direction. This results in

a less stable discharge and lowers production rates

of radicals and other species [11].

Plasma structure and production mechanism
The plasma produced in the pulsed slit discharge
environment was investigated byJ.Remy, L. Bi- Figure 6: Detailed cross-section of

enner, F. Salama [34] in an e ort to optimize the slitdischarge used bys. Davies
et al. The usage of an equal neg-

_ _ _ ative voltage on the jaws results
Plasma is commonly classied by the density ofi, 3 uniform discharge upstream of

charge carriers and its thermal energy, i.e. its tem-the expansion, while electrons ow
perature. The plasma generated in the PDN is@long the potential gradient. [11]

a glow discharge concerning the typical operating

voltage and current in a PDN discharge. The ex-

perimental conditions in [34] reveal a strong pressure gradient along the discharge zone,
as well as a plasma structure consisting of a glow region and dark zones near the elec-
trodes. The dark zones are regions, where the electrons do not have enough energy to
ilonize the sample gas. The investigation revealed that the potential di erences are most
concentrated in the dark zones, while a eld-free space (glow region) is present between
the electrodes, where electrons and positive ions have approximately the same densities.
Electrons are extracted from the cathodes (the jaws), due to the potential gradient or as a

the plasma for the production of radicals and ions.

result of ion bombardment of positive ions (in this case Ar). These travel across the eld
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Figure 7: lllustration of the collision processes in a DC discharge. Electrons travel across
the dark space into the glow region, where they ionize the carrier gas atoms (in this case
argon). [34]

lines towards the anode (grounding plate) and collide with the carrier gas or get trapped
in the glow zone. Figure 7 illustrates the general mechanisms in the direct current (DC)
discharge within a PDN.

These collisions in the plasma lead to the production of radicals and ions, as well as
isomerization of di erent species within the supersonic jet into the chamber. The pro-
duction mechanisms concerning PAHS ions were investigated by Biennier et al. [12]

as part of a PDN-cavity ringdown spectroscopy experiment using the PAH naphthalene
(C10Hsg) in Argon (Ar). They were able to deduce the dominant formation mechanism
for aromatic species and ions in a discharge which seemed to be reactions of the pre-
cursor molecules with the metastable argon atoms and electron impacts. However, the
most probable outcome of collisions is the fragmentation or dissociation of the precursor
molecule. The interconversion of carbonaceous molecules within a discharge was studied
by F. Guthe et al. in 2001 [35] along withN.J. Reilly et al. in 2018 [36]. Both works
propose an isomerization pathway, where electron collisions lead the precursor molecules
of intermediates to reform into isomers with lower energy states. In particulaF. Githe
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proposes the formation of aliphatic primary fragments (¢Hn, n;m  6) from the pre-
cursor molecules through electron impacts in the discharge, followed by the formation of
secondary aromatic fragmentsr(  6) as result of substitution reactions to the aromatic
ring [35].

3.2.1 Free-jet molecular beam

The PDN described in the section above provides cold molecular species, however, these
molecules leave the nozzle in a divergent fashion with di erent densities across di erent
zones, which is typical for jet-expansion into an evacuated chamber. Therefore, collisions
and interactions between molecules further downstream cannot be avoided. In order to
probe the molecules in an environment similar to space, a conical skimmer with a small
diameter aperture is placed into the expansion cone. This technique extracts molecules
traveling along the centerline of the skimmer ori ce and nozzle creating a molecular beam
pulse. The molecular beam technique was rst explored bdy.Dunoyer in 1911 [37] and
pioneered in the laboratory byOtto Stern  in 1926 [38] and the subsequent decades.
Nowadays, the molecular beam technique
is widely used in the elds of physics, chem-
istry and engineering. A molecular beam
has several advantages compared to e u-
sive sample sources in the context of a
spectroscopic experiment. First and fore-
most, molecules in a beam all move in
one direction, providing a perturbation free
environment for the probing of the sam-
ple on a given time scale. In contrast,
the velocities of molecules from an e u-
sive source are non-directional and fol-

Figure 8: Schematic of continuum free-jet ex-IOW the Maxwell-Bolizmann distribution.

pansion with a skimmer extracting moleculesAdditionally, the molecular beam tech-
in the zone of silence. The expansion rehnique eliminates most sources of inhomoge-

sults in a cone which has several shock frontgeous spectral line broadening, e.g Doppler
around the cone and at the skimmer surface._, . .
. shifts, as a result of mostly uniform ve-

Image is taken from [39]. _ o ) )
locity distributions. The isolation of a

molecule or the collision rates in the pro-
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duced beam were investigated numerically d9.M Lubman et al. in 1982 [40]. The study
derived general expressions for collision rates in e usive- and supersonic molecular beams
and concluded that the molecules in a supersonic molecular beam are isolated on small
experimental time scales and appropriate skimmer positioning. The exact calculations
and considerations are shown in [40].

In this work, the molecular beam is extracted in the zone of silence of the jet expansion
cone from a continuum free-jet expansion. The term zone of silence is used to describe the
area of isentropic expansion, where the speed of the molecules surpasses the local speed of
sound and is given by the velocity of the carrier gas (typical speedsii® 2 for helium). In

this area the velocity of the molecules is increasing until the boundary conditions, i.e. the
skimmer wall and background gas, cause the expansion to stop by forming shock wave
regions with large densities, pressure, temperature and various velocity gradients [40].
Essentially, the isentropic core is surrounded concentrically by shock waves. Therefore,
the extraction of a molecular beam is performed by cutting o the molecules traveling in
the centerline of expansion with respect to the nozzle. Figure 8 depicts a schematic of
the skimmer placed into a free-jet expansion.

Since this experiment uses a pulsed nozzle, the molecular beam is spatially and tem-
porally discrete. The main advantages of a pulsed molecular beam are consequences of
the pauses between the pulses. This leads to lower background pressure in the chamber,
compared to steady-state molecular beams. Additionally, a pulsed source provides much
higher beam intensities and therefore better signal-to-noise ratios. The enhancement of
using a pulsed molecular beam source is dependent on the ratio of pulse periodnd
pump time constant of the vacuum system. In addition, there is a contribution of the
duty factor f = —, with the pulse duration t which results in a time-dependent back-
ground pressure for pulsed sources. Therefore, the molecular beam technique paired with
a supersonic jet-expansion provides the demanded conditions for spectral analysis of cold
organic molecules.

3.3 Molecular spectroscopy

In order to understand the REMPI technique, the basic theory about electronic, vibra-
tional and rotational (ro-vibronic) spectroscopy have to be discussed. This subsection
con nes itself to the basic description of molecular spectroscopy, whereas detailed de-
scriptions of this topic can be found in [41] and [42].
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A molecule is created by at least two or more atoms, usually by forming a covalent bond
in which the atomic orbitals of the binding partners interact with one another, i.e. the
valence electrons of each atom are shared between the partners in molecular orbitals. The
description of these molecular orbitals can be performed by the linear combination of
atomic orbitals method (LCAO) which describes the covalent bond as interference of each
electronic wave function. The term designations for molecular states are given by

2S+1 : (1)

with the projection of the total orbital angular momentum along the internuclear axis

= ; ., the spin quantum numberS and the total angular momentum

= ] + Sj]. Since there are multiple atoms involved in such bonds, there are also
additional degrees of freedom to be considered. Besides the translational and rotational
degrees of freedonfi, the atoms involved within the molecular bond can vibrate along
their molecular binding axes. A free molecule wittN atoms possessds = 3N degrees
of freedom which are comprised of three translational, 3(2) rotational andN  6(5)
vibrational degrees of freedom, with values in brackets for linear molecules. In considera-
tion of the Born-Oppenheimer approximation, the total energye of the molecule can be
described as

E = Ea+ Evib + Erot + Enue; (2)

with the electronic Eg, vibrational E.,, rotational E,; energy and nuclear spinE,,
contributions. The Born-Oppenheimer approximation can be employed since the motion
of electrons takes place on a signi cantly shorter time scale in comparison to the motion
of the heavy nuclei. Therefore, electrons move in a quasi-static potential of their nuclei,
allowing for separation of the energy contributions [41]. Each term contributes on di er-
ent orders of magnitude with rotational energies found in the microwave range, vibrations
contribute in the infrared spectral range and electronic contributions in the optical and
UV ranges. The impact of the nuclear spirE,, is small in comparison to the other
contributions, henceE,,. can be omitted. This work uses UV radiation for the excita-
tion of molecular energy levels, therefore the spectra include rotational, vibrational and
electronic (ro-vibronic) transitions. Hereafter, the energy levels are considered separately.
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Rotational transitions

The kinetic energy of a molecule can be stored as rotation along several mass centroid
axes A, B, C, with di erent principal moments of inertia I o;1g;lc. For a rigid molecule,
the rotational energy E,,; can be described as the solution of the Schrdodinger equation
Bt = E. With the square of the angular momentum operatoﬂ'\2
0 2 2 21
E.. _alh T +ch;

200 2g 2¢

3)

with the wave function . There are dierent kinds of rotating molecules (tops) with

di ering symmetries with regards to their principal moments of inertia. The derivation
of the rotational energy expression in this work is restricted to the simple case of a rigid,
rotating linear molecule. In this case, the molecule has only two rotation axes which are
perpendicular to each other and amount to equal moments of inertia, i.dg = Ic = 1|.
The rotation along the symmetry axis of a linear molecule is neglected. Considering the
eigenvalue off?, equation 3 can be expressed as

_ j\Z 2

Erot = o :EJ(J-”') =BJ(J+1); 4)

= the reduced Planck constant~ = . and

introducing the rotational constant B = , >

the eigenvalued of J2. The cases of symmetric tops (prolate and oblate), as well as the
asymmetric top, are discussed in references [41] and [42] in further detail. A rotational
transition from a lower rotational state J®°with to a higher rotational state J° occurs
by absorption of microwave radiation with the energyhf if the molecule possesses a

permanent dipole moment yields to
hf = Et = Et(3Y) Et(3%= Ec(@+1) E(J)=2B(J +1): (5)

The selection rule for rotational transitions is given by J = 1 which amounts to an en-
ergetic di erence of2B between rotational spectral lines for a rigid rotor. Considerations
for centrifugal distortion for high J are explained in [41].

Vibrational transitions

A bond between several atoms leaves room for movement relative to one another, which
can be described as vibration. As mentioned above a molecule with binding partners
can vibrate in 3N 6(5 for linear molecule$ di erent modes ;. Considering a simple
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diatomic molecule with a bond lengthr in a harmonic potential with the equilibrium
distancer,, the vibrational energy can be derived from solving the Schrodinger equation
with for r  re, which yields

:h7C'

1
Evpb =~ v+ e VF 5 (6)

NI

with the angular frequency! the vibrational quantum number v, the speed of lightc
and Plancks constanth [41]. The angular frequency can also be expressed as harmonic
wavenumber! ¢ = % with units in wavenumbers [cm !]. However, the harmonic oscillator
model can not be employed for real molecules. For a distance<r ,, the potential has

to be steep due to the Coulomb repulsion of the nuclei and for large displacements> r .

the potential has to exhibit a shallower trend owing to the dissociation of the molecular
bond. For these reasons, the Morse potential is employed. Figure 9 depicts the Morse
potential for an electronic ground state and an electronic excited state, which is explained
in further detail below. The potential curve can be described by

V(=D 1 e ra % (7)

with the dissociation energyD and a constanta which determines the width of the
potential. Under consideration of the anharmonic Morse potential, the vibrational energy
levels lie within this potential and can be expressed as

Evib = ~le V+

(8)

NI =
@
L
@
<
+
NI =

— hle

with the anharmonicity constant . = 75* which represents the rst-order approximation

from the anharmonic Morse potential [41]. As equation 8 suggests, the energetic di erence
between vibrational energy levelss decreases for growiny. A vibrational transition
involving the absorption of infrared radiation follows the selection rules for an anharmonic
oscillator v = 1, 2; 3;::, whereas the excitation of higher overtones shows lower
relative intensities according to equation 8. For the simple case of a transition from= 0

to an arbitrary v within the Morse potential, it holds

Evb = Evib(v) Euwb(v=0)= ~Tev(l  (v+1))[41] %)
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Electronic transitions

With the introduction of optical and UV ra-
diation, the electrons involved in the molec-
ular bond can perform transitions to various
molecular orbitals, whose form depends on the
electronic con guration of the molecule. These
transitions incorporate a change of rotational
and vibrational (ro-vibrational) energy levels in
a given electronic state to another electronic
state, which has its own ro-vibrational energy
levels. An electronic spectrum does not only
display a single line but exhibits a band struc-
ture that includes a change of the rotational
quantum number J, the vibrational quantum
number v, as well as a change in the elec-
tronic state. These spectra usually display
complex structures and enfold all possible elec-

tronic transitions, including their respective ro- Figure 9: Potential energy diagram for
an electronic transition from the ground
state to an electronic excited state
within Morse potentials. The Franck-

vibrational transitions[42]. The transition en-
ergy E of any given spectral line can be cal-

culated by Condon-principle is illustrated with a
vertical transition from v®°to a v° com-
E= Egq+ Euy+ Eno (10) patible with the position of nuclei in the

: ground state. Image adapted from [41].

Consequently, electronic transitions take place

from one electronic potential to another electronic potential. These transitions can be
further described by considering the Franck-Condon-principle which gives information
about the vibronic transition probability from an initial state EJQ{v°} to a nal state
EJ(V9 [42]. Due to the slow movement of nuclei relative to their electrons, the Franck-
Condon-principle states that the accompanied change in vibrational energy lewd v
during an electronic transition is the most intensive for a vibrational level compatible with
the initial nuclear position. Figure 9 depicts this principle in a potential energy diagram.

The transition to an excited state is most intensive into a vibrational level matching
the initial nuclei positions, i.e. the most intense transition takes place vertically within
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the potential energy diagram. Additionally, the nuclei reside on the intersection of the
vibrational level and potential curve, which is analogous to the classical turning point of
a vibrating nucleus. For these reasons the Franck-Condon-principle predicts the relative
intensity distribution of vibrational bands in an electronic spectrum. Thus, the intensity of
an electronic transitionM,, depends on the intrinsic strength of the electronic transition,
the populations of vibrational levels and the squared overlap integral of the initial 00
and nal o vibrational wave functions.

Mey /] Re(r)j? FCF (12)
jh 3 3j? FCF
Z

2
S(ri;r)  NAri;rdr FCF;

with the electronic transition dipole momentR¢(r) and the electronic coordinates;. The
square overlap integral of the vibrational wave functions is called Franck-Condon-factor
(FCF) and is given by

z 2
FCF = jhvjv®%j2 = o %r (13)

These transition integrals yield to following selection rules for ro-vibronic transitions [41]:
J=0; 1 = 1 S=0:

In conclusion, the electronic spectra, obtained in this work, have to be considered in view
of rotational and vibrational transitions, which occur alongside electronic transitions.
These spectroscopic aspects play a crucial role in the analysis of spectra acquired via
REMPI.

3.4 Resonance-Enhanced Multiphoton lonization

In this experiment, the sample is probed by using a tunable, pulsed dye-laser. The
resonance-enhanced multiphoton ionization (REMPI) method allows for selective and soft
photoionization of atoms or molecules by multiple photons with a resonant wavelength.
This technique was developed shortly after the invention of the laser by. Maiman

in 1960 [43]. In 1966 H.B.Bebb and A. Gold used a laser to photoionize hydrogen

and rare-gas atoms [44] and a few years later, in 1973,L. Chin reported the rst
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Figure 10: Di erent REMPI-schemes for the photoionization of atoms or molecules. The
notation describes a moleculé absorbing one or multiple photons with the same resonant
frequencyn! ; or di erent frequenciesn! ;;! ,. The process produces an electraa and

a cation A*. Image is taken fromG.S. Hurst [45].

attempts at using the REMPI method for photoionization of molecules [13]. As of the
present day, the REMPI technique is an established tool for spectroscopic analysis of
atoms and molecules. This section is about the essential physics of REMPI and its usage
in a spectroscopic context.

As the name suggests, this technique essentially uses at least two photons to ionize a
sample in a given quantum state. Figure 10 depicts several REMPI-schemes. The nota-
tion A[! 1;! ;e JA™, taken from G.S Hurst, J.P. Young et al.[45], indicates a molecule

A absorbing a photon with the resonant frequency 1, consequently an electron is ex-
cited into a higher state. The molecules subsequently absorbs another photon with the
same frequency! ; which causes the photoionization of the electroe and results in

the positively charged moleculé\™, concluding the basic REMPI-scheme. Therefore, the
described process usels+ 1 photons to ionize the sample. Additionally, there are sev-
eral other schemes for resonant photoionization including two-photo?l ; at the same
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time followed by another photon with! ; (2+1). Also, there are two-color schemes using
photons with di erent frequencies! ;;! ;. In this experiment, REMPI is performed with
UV-radiation around 315 nm, ensuring soft photoionization, i.e. the sample is only ionized
by one electron. In contrast to ionization by electron impact, resonant ionization mini-
mizes the introduction of excess energy from the interaction. Therefore, REMPI-schemes
are suitable for many spectroscopic experiments with ion detectors. The soft ionization,
in particular, is a requirement for the detection of ions in a time-of- ight (ToF) spectrom-
eter since the ToF of molecular ions is dependent on their charge (see Section 3.5). The
e ectivity of REMPI depends on the photon uence (photons per area) and the photon
ux (photons per area and time), as the absorption process and subsequent ionization is
competing with the rate of stimulated or spontaneous emission of light by the molecules.
Therefore, the REMPI scheme has to be saturated in order to ionize the sample properly
[45]. Although there are many ionization schemes, the probability of concurrent absorp-
tion of multiple photons decreases with higher photon coumt. The probability is given

by Fermi's golden rule [46]:

wm. = ijhij jiij 2 "(E)d" 'E; (14)

with a transition from initial state i to the nal state f, the transitional matrix element
of n'" order M, the density of photon modes ; (E;):

"(E)d" 'E = 1(E1) 2(E2)  n(En)dEidE,  dEj: (15)

With an increasing number of photonsn the amount of transitional matrix elements
increases as well, hence decreasing the probability of a transition witttoinciding photons
[46]. Additionally, the selection rules for certain transitions change with an increasing
number of photons. For example, a 2 + 1 REMPI process allows for a change in the
orbital quantum numberL of L = (0;1;2) [47].

It is noteworthy that the REMPI-method can induce fragmentation of a molecular sample
using visible or UV radiation. Usually, the absorbing molecules enter an ionic state after
the REMPI process. Depending on the excess energy from the resonant ionization, this
lonic state can be dissociative, which leads to fragmentation of the parent ion. The
fragmentation has to be considered in a setup including a mass spectrometer since the
fragments and their spectra point to the initial molecule, from which they were produced.
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3.5 Mass spectrometry

All the techniques described in the sections above are perfectly suited for analysis within
a mass spectrometer. As the name suggests, mass spectrometry (MS) is a method, where
atoms and/or molecules are detected with respect to their mass. Usually, the method
measures the mass to charge ratio}, hence an ion detection system is necessary. Here,
two stacked microchannel plates (MCPs) are used for ion detection (see Section 4.2).

The rst mass spectrometers are credited td.J. Thomson , who designed an experiment
for investigating cathode rays, leading to the measurement of the charge to mass ratio
of an electron? in 1897, laying the foundation for future applications using MS [48].
In the next few yearsThomson and co-workers worked on prototypes of the modern
MS. F.W. Aston presented his rst working MS prototype in 1919 [49]. Further, the
rst time-of- ight MS was worked out by A.E. Cameron and D.F. Eggers under the
name lon Velocitron in 1948 and it contained the main components needed for a basic
time-of- ight MS, namely an ion source, an ion acceleration zone, a eld-free drift zone
and a way of ion detection [50]. In this work a time-of- ight (ToF) mass spectrometer
is used for the separation of alf* with respect to their time-of- ight. The con guration

of this mass spectrometer is based on the design W.C Wiley and |.H. McLaren
developed in 1955 and improved the mass resolution of the ToF-MS signi cantly [15].
This design is utilizing static potentials between several electrodes (ion optics) in order to
accelerate ions. These ions travel through a eld-free zone until they are collected by the
detector. The original schematic of the arrangement is shown in Figure 11. The rst zone
with a length of s contains the ionization region and is con ned by an electrode on the
backside (Repeller). On the opposing side, there is another electrode for the extraction of
the ions (Extractor). The Repeller and Extractor act as ion optics in this setup. A high
voltage is applied on the Repeller and a lower voltage on the Extractor, thus creating
a potential gradient E ¢ towards the Extractor. Consequently, positively charged ions
formed in the ionization region travel in the direction of the Extractor, while ionized
electrons travel towards the Repeller. The second acceleration zone is determined by the
length d between the Extractor ;alnd another electrode with no voltage applied, i.e. is
grounded. This potential gradient E 4 between Extractor and ground is accelerating the
lons further towards the detector, which serves the purpose of improving the resolution of
the ToF-MS. One limitation of ToF-MS resolution comes from the fact that some atoms
or molecules carry di erent initial kinetic energies and starting positions with respect
to the detector. A molecule closer to the detector might gain less kinetic energy in the
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Figure 11: Schematic of the original ToF-MS design bW.C Wiley, I.H. McLaren
The setup uses two acceleration zones con ned by three electrodes and a eld-free drift
, tube. The rst zone contains the ionization region and is of the lengtls with the potential

"E.. Afterward,| it is followed by the second acceleration zone with the lengtd and a

second potentialE 4. The ions leave both zones into a eld-free drift zone of the length
and are collected by a detector, con ning the outer edge of the drift zone. Image adapted
from [15].

eld! E s and could be outpaced by molecules starting further back, hence limiting the
resolution of the spectrometer. The spatial focal point of these molecules, introduced by
the ion optics, lies within the eld-free zone with the lengthD. The second acceleration
zoned ils implemented in order to adjust the spatial focus of the molecules via the ratio
between E s=E 4, without the need of changing the geometry of the setup. Additionally,
zoned reduces the in uence of di erent kinetic energies and directions of the ions on their
ight times. The relatively strong potential gradient E 4 su ciently accelerates the ions,

in order to equalize the velocities of all ions leaving zorte Then, the travel time of the
ions, i.e. their time-of- ight T, depends on their massn. The relation betweenT and m
was derived byW.C Wiley, I.H. McLaren [15]:

T(m)/ mz: (16)
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Therefore, heavy ions take more time to traverse the setup than lighter ions. The general
resolution of a mass spectrometer can be derived from the widthm of the mass signal
with respect to its massm. In consideration of equation 16 with the ight time T and
the signal width T of the corresponding mass signal the resolutid® is given by

rR= M - T, (17)
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Figure 12: Schematic depiction of the experimental setup. Di erent species are created
in the pulsed discharge nozzle and expand into vacuum. A skimmer cuts o0 a molecular
beam, which is ionized by laser radiation. The ions are detected by microchannel plates.
Image adapted from [51].

4 Experimental

The purpose of the project is to gain laboratory spectra of possible DIB carriers in con-
ditions similar to space. Therefore, the experimental setup is comprised of two parts as
displayed in Figure 12. The rst one is the expansion chamber in which a gaseous precur-
sor sample expands through a discharge nozzle into a vacuum, thus producing new species
and cooling them down simultaneously. A skimmer is placed into the expansion cone in
order to create a molecular beam. Afterward, the molecules travel collision-free towards
the second part of the experiment. The molecular beam enters an ionization chamber,
where it is probed by a tunable laser radiation source via REMPI schemes. The ionization
chamber is tted with a time-of- ight mass spectrometer (ToF-MS) and a microchannel
plate (MCP) detector, measuring the time between ionization and detection, i.e. the ight
time of an ion. This combination of a PDN, REMPI and ToF-MS allows for the creation
and detection of all molecular ions and their fragments within one pulse. A scan across
the available spectral range allows for the collection of spectral data of any given mass
signal. This chapter contains a detailed description of all components in the experimental
setup.
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Figure 13: Schematic of the expansion chamber setup. The carrier gas mixture is guided
through the inlet system into the pulsed discharge nozzle, passing external and internal
pickup cells. A pulse generator emits the nozzle and discharge trigger, which is followed
by jet expansion into the vacuum chamber. The PDN is attached to several translation
stages, controlling lateral, vertical and inwards direction.

4.1 Expansion chamber

The expansion chamber is the rst part of the experiment. It is designed to create and
cool molecular species from a precursor sample. A schematic of the expansion chamber
setup, as well as the inlet system, is depicted in Figure 13. The inlet system is designed
for the usage of gaseous and liquid samples. Any gaseous precursor samples are directly
mixed in with the carrier gas and connected to the inlet system, while liquid samples
mix with the carrier gas via pickup cells. The internal and external pickup cells allow
for collection of vapor surrounding the liquid surface of the sample into the gas mixture.
These can be used in combination or separately though the internal cell provides better
pickup of the liquid sample molecules, due to its proximity to the nozzle. An external
rotary vane pump is employed to evacuate the inlet system entirely before the sample gas
enters the chamber. Further, the nozzle is mounted on several translation stages in order
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to control its position. This xture was designed as a bachelor's thesis byF. Hecken

[52], allowing for ne-tuning of the nozzle position via three stepper motors. The motors
are permanently attached to the ne threading of a 1D translation stage for in/outwards
movement and a 2D translation stage for lateral and vertical movement. The motors are
controlled by an externalRaspberry Picomputing unit. In order to meet the requirements

of a cold and collision-free environment, the gaseous sample is expanded into the vacuum
chamber with a backing pressure of 5bar, making use of the cooling e ect explained

in Section 3.2. For this, the gas is pushed through the pulsed solenoid noz3keries 9

by GeneralValve. The gas ow is blocked by a spring-loaded te on poppet which opens
when receiving a voltage, as shown in g. 5.

The vacuum chamber itself is spherical with sev-

eral CF100 ange connections. With the valve

shut, the vacuum pressure in the chamber reaches

10 3mbar by using a pumping stage with a roots

pump backed by a rotary vane pump connected at

the lower ange. This pressure is necessary for to

create an interaction-free region (zone of silence).

The lateral sides of the chamber are tted with vac-

uum sealed windows for inspection of the nozzle po-

sition by eye. A view into the chamber is provided

in g. 14. In this chamber, the valve mount is ar- Figure 14: View into the expansion
ranged in line to the skimmer on the opposing side chamber. The nozzle (without dis-

The skimmer is a specially constructed nickel coneC"ar9e assembly) faces the skimmer

. : _ _ on the left side.
narrowing down to a 0.5mm ori ce. It is designed
for optimal extraction of a molecular beam from the
zone of silence. A gate valve downstream of the skimmer separates the chamber from the
following vacuum di erential stage. The gate valve can be operated manually via a lever
on the top of the chamber. After a molecular beam is cut o by the skimmer, it passes
through the adjoining vacuum di erential stage, which is pumped by a molecular turbo
pump in order to bridge the pressure gradient towards the ionization chamber. Further,
the discharge apparatus is mounted to the nozzle, as described in Section 3.2. The elec-

trodes receive their DC voltage and their trigger via an external controller.

During operation, the nozzle and the discharge controller receive trigger signals from the
pulse generator. The trigger con guration is explained in Section 4.3. Usually, during one
measurement the discharge voltage is set constant between 700V - 1000V, depending on
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the observed signal strength of a given ToF-signal of interest. Before starting a measure-
ment, the nozzle has to be checked for alignment with the skimmer. This is performed by
observing the signal strength of a known ToF-signal for di erent nozzle positions. The
nozzle is driven to di erent positions via software which controls the movement of each
motor by steps. Additionally, the skimmer valve can be slightly closed in order to check if
a proper molecular beam is reaching the ionization chamber. The observed signal tends to
double in intensity if the nozzle is correctly aligned with the skimmer. As all parameters
are optimized for nominal signal strength of a ToF-signal, the data collection process can
commence.

4.2 lonization chamber

The ionization chamber is utilized as time-of- ight detector for ions after the ionization

of the molecular beam via REMPI. The setup, including the radiation source, is schemat-
ically shown in Figure 15. A CF100 double cross chamber is tted with several electrodes
following the design byW.C Wiley and I.H. McLaren , as discussed in Section 3.5.
First of all, the ion optics are comprised of Repeller and Extractor electrodes and two
grounding electrodes. The spacing denoteslin Figure 15 of the rst acceleration zone,
between the Repeller and the Extractor, is 19 mm long. Here, the ionization laser is fo-
cused down onto the molecular beam by a convex lens with a focal length of 400 mm,
focusing the beam down to a 32 m diameter. Section 4.4 describes the intensity and
photon ux in detail. The interaction of the laser with the molecular beam causes the
ionization of the molecules within the beam. The resulting ions are immediately accel-
erated towards the Extractor, due to a constant positive DC voltage of 1000V applied
to the Repeller. An additional voltage of 700V is applied to the Extractor, allowing for

a second acceleration zong con ned by the Extractor and a grounding electrode. This
second acceleration zone is 20mm long and is crucial for the mass resolution of the mass
spectrometer, as discussed in Section 3.5. Then, the accelerated ions pass through the
eld-free drift zone with a length of 161 mm, which is isolated from the MCP detector by
another grounding electrode. The distance between the second grounding electrode and
the MCP amounts to 10 mm. An ion reaching the rst microchannel plate (MCP) triggers

an electron cascade in the MCP stack, amplifying the initial signal. For this, a strong
negative voltage between (1400-2000)V is applied to the MCP. The signal ampli cation
is enhanced by using a second MCP on top of the rst one. Both MCPs are con gured
in a vertical stack with the same impedance. The potential di erence between the two
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Figure 15: Schematic depiction of the ionization chamber with radiation source. The
molecular beam enters the chamber and is ionized by the dye laser in the rst acceleration
zones. The ions move along the potential gradient towards the MCP detector. After
passing a second acceleratiah zone, the ions y towards the MCP in a eld-free drift
zone comprised of two grounding electrodes. The ToF-signal is sent to the measuring
computer which digitizes the signal into a measuring control software. A pulse generator
coordinates the nozzle and laser triggers, while a photodiode receives laser light and
triggers the measurement. Additionally, a wavelength meter is used to measure the exact
wavelength of the dye laser.

microchannel plates can be varied, depending on the ToF-signal strength. An increase of
MCP voltage results in stronger signals but also introduces more noise throughout the
time trace, due to the enhancement of all ion signals reaching the detector. In an e ort to
prevent oversaturation and consequent damage to the MCPs, the pressure in the chamber
has to be kept below 110 ® mbar by using a turbo molecular pump. Furthermore an an-
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ode is implemented above the MCPs in order to collect the electrons. The voltage spike
of the anode is then measured by an external digitizer iazarTech The digitizer board

is capable of measuring 500000 samples per second with a resolution of 12 bits. However,
the digitizer is limited to an input range of 400 mV, therefore the MCP voltage has to

be adjusted accordingly, so as to avoid clipping the signal. In order take the time-of- ight
measurement, a photodiode collects a back re ection of a laser light and sends a measur-
ing trigger signal to the digitizer. With this setup, the correct measurement of the ToF
signals is ensured due to the usage of incident laser radiation as a reference trigger for the
digitizer.

During operation, adjustments to the DC voltage on the Repeller and the Extractor result

in a shift of time-of- ight for all ions. Moreover, the MCP voltage determines the overall
signal strength of the measured time trace. These parameters are set before a measure-
ment starts, which results in consistent and comparable measurements across di erent
measuring days. Throughout one measurement, the dye laser adjusts its output wave-
length over a set spectral range, being controlled and automated by a measuring software.
This measuring software combines automatic adjustment of the dye laser wavelength and
calls the current time trace sampled by the digitizer. Additionally, the wavelength of
the laser is directly analyzed via a wavelength meteiVS6-200 by HighFinesse and
subsequently sent to the measurement software.

4.3 Pulse Generator

The pulse generator is an essential part of the setup since the radiation source, nozzle and
discharge controller have to be synchronized with respect to the traversing time of the
molecular beam. The aim is to coordinate the trigger signals, so the laser radiation hits
the molecular beam pulse as it is passing by the chamber window. The pulse generator
used in this work is manufactured by Quantum Composers, Inc with a timing resolution
of 250 ps and can coordinate several channels independently. This allows for accurate
timings between all experimental components by setting specic delays to the internal
clock. All pulse widths and delays of each component are listed in Table 1. The pulse
generator gives an internal clock of 20 Hz, used to trigger the ashlamps of the dye laser
pump with a delay of 1.3 ms with a 6 ns pulse width. Considering the 258 pockel cell
delay of the pump laser, the overall timing delay of the laser amounts to 1.55 ms since the
molecular beam takes ( 1 ms) to reach the ionization chamber. In order to take the time-
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of- ight measurement, the digitizer has to receive a correctly timed trigger signal with
respect to the ashlamp trigger and pockel cells delay of the Nd:YAG pump laser. In an
early stage of the experiment, the measurement trigger was timed via the pulse generator
with a constant delay with respect to the ashlamp trigger. This resulted in jittering

of time-of- ight mass signals in the range of 20 ns. Therefore, measurements had to
be averaged su ciently. In order to solve this problem, a photodiode was implemented
later which reduces the jittering to a few nanoseconds. Moreover, there are separate
trigger pulses for the nozzle and the discharge controller. The nozzle trigger operates
in a duty cycle 2:1, i.e. the nozzle triggers with a repetition rate of 10Hz and opens
with a pulse width of 500 s. The repetition rate and pulse width are con gured to keep
the average pressure in the chamber in the range @0 mbar. The vacuum pumps
evacuate the residual molecules in the chamber before another expansion pulse starts, in
order to ensure optimal pressure conditions for the jet expansion. Further, the discharge
controller operates with a 5Hz repetition rate and receives a trigger signal with a delay
of 500 s since the discharge apparatus only operates properly if the gas has reached its
body before the discharge voltage engages. The discharge pulse width is set to 600
order to prolong the plasma generation. Additionally, the discharge repetition rate of 5Hz
allows for probing of the molecular beam with and without engaged discharge voltage.
For this, a second measurement trigger is implemented and con gured with respect to
the discharge and laser triggers. It is sent to the measuring software in order to identify
measurements with an active discharge.

Table 1: Pulse generator con guration for all components. The timings are con gured to
synchronize the arrival of the molecular beam in the ionization chamber and the ashlamp
trigger of the dye laser. The pockel cells delay of the dye laser is indicated in brackets.

Component Pulse width [ns] Delay [ms] Repetition rate [Hz]

Nozzle 500 0 10
Discharge 600 0.5 5
Flashlamps 6 1.3 (+ 0.25) 20

2nd Meas. Trig 500 1.55 5

4.4 Radiation source
The radiation source of this experiment is a tunable dye-las&iopStar by the manufac-
turer Liop-Tec. A dye-laser uses chemicals in a solvent, emitting uorescent radiation

when pumped with a suitable pump laser. Afterward, the uorescence is ampli ed via a
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resonator which emits the desired laser radiation. These lasers are widely used in spec-
troscopic contexts since the spectral laser range is directly linked to the specic dye in
use. This experiment utilizes DCM in ethanol as dye with a spectral range from 605 nm
up to 655 nm when pumped by radiation at 532 nm. The pump radiation is provided by
a pulsed Nd:YAG laserSpitlight400 by Innolas. The pump laser operates at 20 Hz with a
pulse width of 6 ns. The emission at 1024 nm is doubled by a KTP crystal to the respec-
tive second harmonic frequency 532nm. The second harmonic 532 nm is used to pump
the laser dye with 180 mJ, which is divided into a 5% pump beam for the oscillator,
15% for the pre-ampli er and 80% pump beam for the main ampli er stage of the dye
laser. The oscillator is composed of a cuvette, where the dye is owing and of a mirror
and grating combination in order to isolate the desired wavelength. In this con guration,
the dye laser can be tuned by 0.0001 nm spectral increments. The radiation is mainly
ampli ed via a bethune cell, followed by a BBO crystal for frequency doubling. This
setup generates pulsed UV radiation in a range of 302nm to 327 nm with a repetition
rate of 20Hz, 6ns pulse width and a beam diameter of 5mm. The dye laser optics
were modi ed via several windows before the beam enters the bethune cell in order to
derive some radiation into an optical ber. The ber is coupled into a wavelength meter
WS6-200 by HighFinesse for wavelength analysis with an accuracy of 200 MHz at 630 nm.
Therefore, the dye-laser energy output amounts to 6 mJ - 8 mJ at 315 nm which is mea-
sured via a pyroelectric energy sensor by Thorlabs. The optics leading into the ionization
chamber involve three right-angle prisms and a converging lens with a focal length of
400 mm, focusing the beam down onto the molecular beam in the ionization chamber. In
consideration of the beam diameter and the photon energy of 3.94 eV at 315 nm, the beam
diameter in the focus equals 31s with an intensity of 1:03 10" ¥, Hence, the photon

ux amounts to 1:32 10 ph"% in the focal point hitting the molecular beam.

However, it is noteworthy that the dye DCM has a speci c emission range between
(600 - 670) nm and exhibits varying emission e ciencies for di erent wavelengths. The
emission e ciency of DCM peaks around 630 nm, while strongly falling o below 610 nm
and above 640 nm. Additionally, the energy output displays signi cant shot-to-shot uc-
tuations which introduces over-or underexposures of the wavelength meter measurements.
The varying output energies noticeably a ect the signal strength of mass signals and dis-
tort wavelength measurements over a scan by introducing faulty measurements. This is
further discussed in Section 6.
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4.5 Data collection

The data acquisition procedure begins when all experimental components operating nom-
inally. A software interface was developed iLabView to control all measurement pa-
rameters and automate the data collection process. The purpose of a measurement is
to gain the time-of- ight data from all ions created in the ionization chamber for each
wavelength in a scan across the available spectral range. Therefore, the software calls
the voltage readout of the digitizer which is connected to the MCP output. Furthermore,
there is a real-time display of the current time trace with the MCP signal in volts and
the time-of- ight in microseconds. The user enters the desired starting wavelength, the
step size, the number of steps for the scan and an averaging value before starting the
data collection. The software automates the adjustment of the laser wavelength by the
desired increment size and records the ToF spectrum multiple times for averaging. This
time trace for the given wavelength is saved. Thus, the software collects an averaged time
trace for each set wavelength and saves it as a data le with a column for the time-of-
ight in seconds and its respective signal in volts. This sequence allows for easy scanning
through a given interval. Additionally, the software writes a scan le, containing the
set and measured wavelength of the wavelength meter and the boxcar value of a specic
time-of- ight interval. Furthermore the experiment is set up to probe one laser pulse
without the engagement of the discharge in order to collect data without discharge for
comparison. The software recognizes the time trace without discharge by an additional
pulse from the pulse generator and saves the additional data with an according notation.
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5 Results and Evaluation

In this section, the experimental data is presented and evaluated. As the purpose of this
work is to implement a PDN for REMPI spectroscopy, the evaluation is aimed at retriev-
ing spectral data from an unidenti ed sample mixture in the molecular beam. Thus, the
main evaluation methodology consists of rstly identifying carriers of the ToF signals,
focusing on signals which only appear whilst using the discharge mechanism. The identi-
cation of these signals can be trivial for low mass signals, e.g. mass 4 corresponds to a
helium ion. However, for higher mass signals, the carrier of the signal is not easily recog-
nized, since the REMPI technique tends to fragment big molecules into smaller ionized
fragments measured by the time-of- ight apparatus. In order to investigate the origin
of these signals, one has to compare di erent measurements with di ering experimental
parameters, e.g. sample mixture and concentration. Furthermore, spectral signatures of
given ToF signals are also considered in comparison with another, as to identify fragments
which belong to the same carrier molecule and to compare their spectral shapes and in-
tensities. After the identi cation, the spectral signature of the species can be analyzed.
For this, distinguishable spectral features are taken into consideration by evaluating their
line position, as well as comparing these to previous works. The following sections cover
the evaluation process starting with the general calibration procedure, followed by the
identi cation of several masses and their spectral analysis.

5.1 Discharge

This section is designated to the performance of the PDN source. During the experimental
procedure the discharge voltage determines the production rate of speci ¢ time-of- ight
signals. Since the discharge voltage is kept constant during operation, it has to be set to
a value which ensures the proper production of molecules and a stable discharge for each
trigger pulse. The voltage supply can generate voltages from (0 - 1500) V, however, the
optimal range for a stable discharge is between 600V and 1200 V. For voltages below 600 V
the discharge glow is not visible by eye and has no measurable e ect on the sample in this
setup. Further, voltages above 1200V lead to visible discharge arcs along the electrode and
extensive sparking, which diminishes the signal strength of produced masses signi cantly.
Figure 16 depicts the measurement of signal strength of two masses only present after
the 3% methane in helium sample is struck by the discharge. The signals at mass 56 u
and 58 u gain only are observable with an engaged discharge. This is discussed in a later
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Figure 16: Signal strength of masses 56 u and 58 u depending on the set discharge voltage
between 600V and 1200V.

section. The signal intensity in dependence on the discharge voltage can be used as an
indicator for the production yield of the molecules giving rise to these mass signals. The
measurement displays an increase of signal strength following the discharge voltages in a
linear fashion. For voltages above 1200V the signal of these masses vanishes entirely and
are therefore not included in the measurement.

5.2 Calibration

After the data collection is nished, the gained information needs to be analyzed. The
basic method for preparing the data for evaluation can be broken down into several steps.
As rst step, the data has to be sorted by wavelength. This is achieved by an evaluation
software in Python3 which creates dictionaries with the sorted scan data. A spectrum
for a given time interval can already be extracted by integrating over all time traces in
this interval. However, the ight times of speci ¢ masses in the time-of- ight spectrum is
dependent on several experimental parameters (Repeller-, Extractor voltage, etc.). These
parameters are kept constant with respect to one another, however, their absolute values
may di er between measurements. Therefore, the ight times have to be calibrated to
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Figure 17: Fit of known time-of- ight signals (1, 4, 12, 24, 52, 56) u to their respective
masses according to formula 16.

their respective masses rst. Essentially, the time-of- ight axis is converted to a mass axis
by tting well-known mass-ToF pairs with regard to the time-of- ight to mass correlation
from equation (16).

Additionally, it is possible to derive the accuracy of mass signals assignmenin via equa-
tion 17 as indicator for the mass separation of a given measurement. In the measurement
depicted in Figure 18 the broadest mass signal corresponds to mass 56 0 &t 4:695 s
with a width of T = 0:0113 s. Therefore, the accuracy of mass signal assignment
for this measurement amounts to m = 0:27u, which is su cient for the separation of
individual mass signals. The resolutiorR results in R = 208.

As one purpose of this work is to gain spectral data of organic compounds, the dye laser
wavelength is of importance in order to extract accurate spectra. For this reason the
experimental setup contains a wavelength meter, measuring the dye laser output directly.

It was not possible to ensure accurate wavelength measurements across the whole scan
range, since the sensors in the wavelength meter tended to be under-or overexposed for
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several laser pulses, due to its energy uctuations per shot. For this reason the missing
wavelengths have to be added by stepwise interpolation of the data via a linear function.
A software was developed for the interpolation of the missing wavelengths, using adjacent
measurement values for the tting process. For a given wavelength interval of0:05nm
(4cm 1) the standard deviation of interpolation errors is smaller than the systematic
error caused by the wavelength meter itself, hence the tting errors are ignored in this
evaluation. Therefore, the spectral bandwidth ¢y, Of the experiment is limited by the
wavelength meter, which corresponds to sppy = 0:007cm .

This calibration procedure correlates each time trace to a mass axis and corrects the
wavelengths, concluding the preparation of the data for further evaluation.

5.3 Mass spectra

Figure 18: Mass spectrum of methane, nitrous oxide, benzene in helium at 310 nm with
Z = 1. The spectrum in black was measured with an engaged discharge, the blue spectrum
without discharge. Prominent mass signals are marked in red.

The successful calibration allows for the evaluation of the mass spectra for a given wave-
length. Figure 17 shows a typical calibration curve, including 3% methane (GHand
0.5% nitrous oxide (NO) in helium (He) as bu er gas and benzene (§H;) in the exter-

nal pickup cell. The known ight time and mass pairs were previously examined in the
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bachelor's thesis about the calibration of this instrument [53]. Since the REMPI method
only allows for the ionization of a single electron, the charge of the ionsas= 1. After

a successful calibration of the data the mass spectrum can be derived and is shown in
Figure 18. The gure depicts the mass spectrum with enabled discharge voltage (black),
as well as without discharge (blue) at the same set wavelength of 310 nm. These spectra
contain several distinct mass signals, ranging from 1u up to 60u. Peaks at (1, 12, 24)u
are strong in intensity in both spectra, whereas peaks at (4, 30, 52, 54, 56)u are only
visible in the mass spectrum with discharge, which is an indication of the proper func-
tioning of the PDN, considering the precursor samples. The intensity of these signals
depends strongly on the current wavelength of the ionization laser, due to the resonant
lonization technique. Some of the signals can be identi ed by species in light of the pre-
cursor samples, e.g the signals at 12 u and 24 u originate from the carbon ioh &hd the
ionized diatomic carbon molecule €. Furthermore, the signals at 1 u and 4 u arise from
the hydrogen ion H and the helium ion HE . Additionally, there is a rather prominent
peak at 30u. It is not visible without discharge which can be attributed to the nitric
oxide ion NO. This molecule is a known product of discharges containing nitrous oxide
[54]. Additionally, there are several signals around 52u up to 60u. These are fragments
of an unknown carrier produced in the discharge since these signals only appear in the
time trace with an engaged discharge voltage.

5.4 Mass 4 u: Helium

Helium is an inert gas often used as carrier gas for samples in molecular beam experiments.
Since the gas does not react with the organic precursor compounds used in this work,
it was utilized constantly during the data collection phase. Helium has a rather high
ionization threshold of 24.6 eV [55] which can not be reached by the dye laser system in
use, not even with a 3+1 REMPI scheme. The radiation source delivers 4.1eV photon
energy for a 1+1 REMPI scheme at the lower boundary 302.5nm of the laser. For a
2+1 REMPI scheme, the two photons can reach 8.2eV, which is not enough for the
ionization of helium. However, when helium is subjected to an electrical discharge, there
is clearly a ToF signal at mass 4u in Figure 18. This signal most likely corresponds to
the helium ion, hence the laser ionizes the helium despite the energy de ciency. Further,
the comparison of the time traces with and without discharge reveals that helium is only
ionized if the discharge is engaged. As explained in Section 3.2, the helium atoms leave
the PDN in an electronically excited state after colliding with runaway electrons within
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Figure 19: Enlarged view on the time trace in Figure 15. The mass signal 4u is only
present for an engaged discharge.

the discharge plasma. Considering the energy levels of helium, it is evident that helium
must be ionized from an excited state rather than from the ground state. The travel time
of helium in a molecular beam amounts to 103—1‘ [56], hence it reaches the ionization
chamber within 1.5ms. There are two metastable excited states of helium, namely the
2s1S singlet and 2SS triplet states with lifetimes of 20 ms and 7800 s respectively [57].
These lifetimes lie within the travel time of helium, therefore it can be ionized via REMPI.
Figure 19 displays a closer look at the time trace around mass 4 u which clearly shows
the appearance of the signal while the discharge is engaged. This observation con rms
the successful implementation of the PDN apparatus. Since helium is detectable in the
time-of- ight experiment, the spectrum of helium is obtained by integrating the signal of
this speci ¢ ToF interval for each wavelength in the scanning range. Within the spectral
range of the dye laser it is expected that the excited helium absorbs one photon, hence
entering Rydberg-states ranging from the quantum numbers = 4 up to n = 20. All
energy levels of helium are derived frow.C. Martin ~ (1960) [58]. Figure 20 depicts the
1+1 REMPI spectrum of helium retrieved during the measurement displayed in Figure
18. The strongest signal in the spectrum at (31361.00:2)cm ! displays a signal to
noise ratio ofS=N = 13, calculated by the amplitude of this signal and the average noise
level. The position of this broad signal has an uncertainty estimated by the systematic
error of the wavelength meter ¢, in addition to the tting error ! o = 0:19cm *.
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Figure 20: 1+1 REMPI spectrum of Helium in the spectral range from
(30500 - 33000)cm*. The spectrum contains a broad signal at (31361.00:2)cm 1,
due to a transition from the rst excited 2s 3S triplet state to the 4p 3P triplet state.
On the right ank of this feature, there is another signal at (31591.3 0:1)cm ! which
can be identi ed as transition from 2s3S to 4d 3D triplet state. Additionally, there is an
ionization edge (IP) estimated to be around 32000 cm, corresponding the ionization of
helium from the 2s'S singlet state.

It can be assigned to a transition from the 2SS triplet state into the 4p 3P triplet
state. Additionally, there is a rather narrow signal on the right ank of the broad peak
at (31591.3 0:1)cm 1, corresponding to a transition from 2s’S to 4d 3D triplet state.
Further, an evident ionization edge (IP) can be observed, where the laser ionizes the
helium non-resonantly. The edge is estimated to be around 32000 ¢m The ionization
can only be achieved by the dye laser if helium is in the excited singlet state %3 since

it has higher energy than the 2s triplet state. The drop in intensity after the ionization
edge is caused by the intensity fall o exhibited by the laser dye in this spectral region.

In addition to the 1+1 REMPI spectrum in the UV, for further investigation another
experiment on He was performed by using the fundamental wavelength of the dye laser,
l.e. red laser light in the spectral range of 605nm to 655nm, as shown in Figure 21.
The signal to noise ratio of the strongest signal in this spectrum at (15795.70.1)cm *
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Figure 21: 2+1 REMPI spectrum of helium in the spectral range from
(15250 - 16500) cmt. There is a strong signal at (15795.7 0.1)cm ! of a transition
from the 2s triplet state to the 4d triplet state of helium. Additionally, there are sev-
eral weaker features towards lower energies. These are signals from transitions from the
2s 'S singlet state (if not labeled otherwise) into an ascending progression of s, p Rydberg
states, starting from the quantum numbem = 9. All transitions are listed in Table 2.

amounts to S=N = 150, being roughly 100 times better than the strongest signal observed
with UV radiation. This can be accounted to the sensitivity of the REMPI technique since
the red radiation can only lead to ionization if the speci c resonance condition is met.
Figure 21 shows a 2+1 REMPI spectrum containing several features which cannot be
observed in the 1+1 UV spectrum, due to di erent selection rules regarding the change of
the orbital angular momentum quantum number L, as mentioned in Section 3.4. There
are several observable features in this spectrum. The most prominent signal arises from
a transition from the 2s3S to 4d 3D triplet state. Moreover, there are several weaker
features spread across the measured spectral range witlsaN 7 with respect to the
average noise level. These include transitions starting from the excited ‘% singlet state
into Rydberg states starting from quantum numbem = 9. Besides transitions intons 'S
and np P singlet states, there are additional signals from transitions intm D singlet
states slightly lower in energy than thenp P states. A closer look at the spectrum
reveals the transition into thend states, depicted in Figure 22. Furthermore, there is an
increased noise level starting around 16000 cithat resembles the ionization edge seen
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Figure 22: 2+1 REMPI spectrum of helium in the spectral range from
(15412 - 15600) cm*. All transitions are starting at the initial, excited 2s 1S singlet
state into the 10(s,p,d) and 11(s,p,d) singlet states.

in Figure 20, however, with less intensity. The lack of intensity can be accounted to the
low probability of a non-resonant ionization process including at least 2 photons since the
radiation in this region has not enough energy for ionization with only 1 photon involved.
The spectrum shows an increase in intensity at the upper limit of the measured spectral
range caused by higher photon energies or another transition lying outside the spectral
range. Table 2 lists all observable transitions in the 1+1 and 2+1 REMPI spectra, whose
intensity is above the average noise level.

This concludes the spectral analysis of the time-of- ight signal at mass 4 u, demonstrating
the creation of metastable states of helium via electron impact excitation in the discharge.
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Table 2: Transitions of helium observed in this work in comparison with the work of
W.C. Martin ~ (1960) [58]. All transitions start from the excited states 23S and 2s°S.
The transitions are derived from the 2+1 REMPI spectrum in Figure 21 if not labeled
otherwise. All values are given in [cm!].

Term designation 2-Photon Transition energy Transition energy ref3. Deviation

4p 3P 31361.0 0.2 (UV:1+1) 31361.1 0.1
4d 3D 31591.26 0.03 31588.5 2.8
9s1S 30638.1 0.1 30635.4 2.7
9d D 30680.2 0.1 30678.0 2.2
9p 1P 30681.9 0.1 30682.2 0.3
10s'S 30907.6 0.2 30904.6 3.0
10d D 30938.1 0.1 30935.5 2.6
10p P 30942.04 0.06 30938.7 3.4
11s!S 31105.9 0.2 31102.9 3.0
11d!D 31129.6 0.1 31126.3 3.3
11p!P 31131.9 0.1 31128.4 3.5
12s'S 31256.3 0.1 31253.1 3.2
12d D 31273.2 0.1 31271.0 2.2
12ptP 31276.3 0.2 31272.8 3.5

5.5 Mass 30u: Nitric Oxide

The aim of this work is to make use of the secondary e ects of a discharge, in particular,
the production of di erent species from precursor samples, rather than excitation via elec-
tron impact. As a result of the interactions with runaway electrons within the discharge
plasma, the sample molecules can dissociate and/or recombine into new species. As al-
ready displayed in Figure 15, there are several mass signals, only occurring in time traces
with engaged discharge. These signals are of importance since these masses represent
molecules or fragments created during the discharge from the precursor sample. A closer
look at the before mentioned time trace (Figure 15) reveals the appearance of a strong
signal at mass 30 u, which is not present in time traces without discharge. Figure 23 shows
the appearance of the signal at 30u very clearly. With regard to nitrous oxide () in
helium as the only precursor molecule in the discharge during this speci c measurement,
the mass peak at 30u arises most likely from the ionization of nitric oxide NO. The ni-
tric oxide molecule is a stable radical with one unpaired electron and it can be found
abundantly in space and on earth [59]. Hence, this linear molecule is of importance in
many physical, chemical, biological and environmental processes. Nitric oxide is usually
a product of combustion processes, involving high temperatures, at which nitrogen can
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Figure 23: Enlarged view on the time trace in Figure 15. The mass signal 30u is only
present for an engaged discharge.

react with oxygen. Therefore, the discharge plasma is a favorable environment for the
production of nitric oxide. In electron impact experiments, NO is a known decomposition
product of N,O as seen in the study ofl.M Austin, A.L.S. Smith in 1973 [54]. The
dissociation of NO in a discharge plasma mainly leads to the following products:

N,O+e ) N+ O+e
N,O+e ) N+ NO+e;

justifying the signal at mass 30 to be nitric oxide. The nitrogen dimer Nwith a mass

of 28u is not present in the mass spectrum, since the ionization energy of &mounts

to 15.6eV [60] and the ionization process would need 3+1 photons in the wavelength
range of the dye laser. The ionization energy of nitric oxide amounts to 9.26 eV [61],
allowing for an ionization process involving 2+1 photons. Thus, it is possible to probe
transitions to energy levels in the range (61070 - 66100) ch which was scanned using

a 0.01nm step size. There are multiple known vibronic progressions in this spectral
region, studied extensively by several of authors usirgp initio calculations, as well as
experimental techniques [62] - [65], [66] - [74]. Regarding the unpaired electron, the
electronic structure of this molecule is rather complex, containing multiple electronic
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Figure 24: 2+1 REMPI spectrum of mass 30u (NO) in the spectral range from
(30535 - 33050) cmt. Strong signals are marked with the numbers 1 - 25 with further
description in the text.

states which interact with one another. There are several low and high lying Rydberg
states, as well as some valence states within its electronic con guration. The electronic
con guration and potential energy curves of NO are depicted in [71]. In the observed
region, there are possible transitions from the ground state?X into high vibrational
levels of the B> valence state, and also (A,Df and C> Rydberg states. Additionally,
several band origins of (E, H, M)?2 , (H', K) 2 and F? Rydberg states and L?
B'2 valence states lie within this spectral range [67, 71]. Figure 24 depicts the 2+1
REMPI spectrum of mass 30u in the measured region. Since NO is probed in a cold
molecular beam, the molecule is ionized from its?X ground state into di erent Rydberg
and valence states, resulting in a feature-rich spectrum. The signal to noise ratio of
strong features, for example signals (8, 9, 19, 20, 21, 22) amount3eN 40, while
weaker features, e.g. (10,13,24) have=N 4. Therefore, all distinct features with
S=N > 3 are considered in this evaluation. It is evident that the NO molecule exhibits
a complex absorption spectrum, involving some sharp features, as well as broader signals
which display rotational contours. Additionally, the unpaired electron of NO leads to
various electronic states, resulting in line splittings due to spin-orbit coupling. Thus,
the correct assignment of transitions to the observed signals is a challenging task. In
this work, the mapping of transitions con nes itself to the data of previous studies about
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the basic vibronic structure of nitric oxide. The line positions were derived by tting
Gaussian line shapes to the features. Since the shapes of the signals in Figure 24 resemble
rotational contours and are rather broad with widths in the range of 25cnt, the line
positions of the obtained spectrum all are estimated with an uncertainty of 15cm 1.

The successful assignment of multiple transitions con rms that the mass signal at 30u
arises from the nitric oxide radical. First, the assignment is performed by comparison to
the reference experimental data b¥. Miescher [70] andR. Gallusser, K. Dressler

[73]. Most prominently, there are the features labeled as numbers (8, 21) and (9, 22) that
belong to transitions from the ground state X (v =10) into the H? (v=0, 1) and

H'?2 (v =0, 1) Rydberg states respectively. Additionally, there are transitions (5, 19)
into the F2 (v = 0, 1) Rydberg state, besides the transition (20) into the M (v = 0)
state. Moreover, the signals (2,15) are identi ed as progressions in the C(v = 4, 5)
state and features (3, 13) emerge from transitions into high vibrational levels of the
B2 (v =18, 20) valence state. The reference data also suggests the signals (11, 24) as
transitions into the E 2 (v = 1, 2) state. Alongside these features, there is the signal 7
arising from a transition to the B2 (v = 2) and signal 18 corresponds to K (v = 0).

All assignments and reference values are listed in Table 3.

Unfortunately, it is not possible to identify signals (1, 4, 6, 10, 12, 14, 15, 17, 23, 25) in
the spectrum via comparisons to previous works. In order to map the remaining signals,
a simulation of a vibrating linear molecule is performed ilPGopher , an open-source
simulation tool for ro-vibronic spectroscopy, which was developed . M. Western

[75]. Within the software, it is possible to specify the vibrational constants of the ground
and excited states, including the symmetry of speci ¢ states. Further, it is possible to im-
plement transitions by specifying the transition symmetry and the Franck-Condon-factor
(FCF) for a speci c transition. The exact simulation model is discussed in [75]. This
work con nes itself to a basic simulation of NO, considering the state and transition sym-
metries, FCFs, and vibrational constants, as mentioned in Section 3.3. The vibrational
constants Ty, !'e, ' e and ¢! . of each electronic state are taken from the collection
by K.P. Huber, G.H. Herzberg [76]. The simulation is performed by introducing a
linear vibrating molecule with the point group G , and implementing the ground state
X2 , alongside each expected electronic state in the spectral range. Next, the constants
for each state are entered and transitions from the ground state to an excited state are
introduced via FCFs for each transition. The FCFs for each transition were calculated, as
stated in Section 3.3 and entered manually i?Gopher . Additionally, the temperature

of the simulation is kept at 50 K in consideration of the typical temperature of helium as

52



5 RESULTS AND EVALUATION

Table 3: Line list of observed signals in the spectrum of NO. All values are given in chn
Lines are assigned according to references [70],[73] with the vibrational level in brackets.
Assignments in square brackets stem from the simulation. Entries on the bottom of this
table are additional lines from the simulation.

Signal number Line position Transition assignment Line position ref.

1 61340.6 [B'(1)] -
2 61722.3 C(4) 617253
3 61820.6 B(18) 618163
4 61951.0 - -
5 62047.9 F(0) 620380
6 62210.4 [D(4)] -
7 62348.5 B'(2) 623570
8 62713.6 H(0) 627160
9 62727.8 [H'(0)] -
10 63089.0 - -
11 63210.1 E(1) 632050
12 63345.0 [B'(3)] -
13 63413.2 B(20) 634173
14 63645.3 - -
15 63738.4 - -
16 63826.9 C(5) 638213
17 64063.1 [D(5)] -
18 64286.1 K(0) 642960
19 64367.3 F(1) 643560
20 64651.9 M(0) 646560
21 65049.1 H(1) 650570
22 65071.8 [H'(1)] -
23 65412.7 - -
24 65520.9 E(2) 655150
25 65950.1 [D(6)] 659483
62594.3 [B(19)] -
65292.3 [L(4)] -
65777.4 [C(6)] -

carrier gas of the molecular beam after expansion [40]. The simulation and the spectrum
are shown in Figure 25. With regard to the prior line assignment, the simulated line
positions were tted to the spectral data by varying the band originT, and the harmonic
wavenumber! o, while ¢! . and ¢! . were kept constant. This procedure results in tted
vibrational constants for each included electronic state. Due to the complexity of the
nitric oxide molecule, the obtained constants have to be viewed and interpreted as mere
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Figure 25: 2+1 REMPI spectrum of mass 30u (NO) in the spectral range from
(61070 - 66100) cm* in black. The simulation is plotted in blue, with additional fea-
tures marked in red. The unmarked features of the simulation are already described
in Table 3. All transitions start from the ground state X2 (v=0) into the respective
electronic state with the vibrational quantum number in brackets.

suggestions. These suggestions for the vibrational constants, obtained fr®@opger
are listed in Table 4 accompanied by the reference values. The (M, E) and K 2  state
are not included in the tting process, since their simulation with the reference constants
already match the line assignment. In addition to the tted constants, the simulation
also o ers extra line assignments for unidenti ed lines in this spectrum. These additional
identi cations are marked in Table 3 with brackets. According to the simulation, the
signals denoted with the number (1, 12) arise from transitions into the B' (v=1, 3)
valence state. Further, the signals (6, 17, 25) are suggested to emerge from a vibrational
progression in the D? (v = 4, 5, 6) Rydberg state. In addition to these missing as-
signments, there are some weak transitions indicated by the simulation, which can be
additionally mapped to the observed spectrum. These include signals from transitions
into the B2 (v=19), the L 2 (v =4) valence states and the C> (v = 6) Rydberg
state. All assignments, including the above-mentioned, are listed in Table 3. However,
the signals (4, 10, 14, 15, 26) could not be assigned to transitions and remain of unknown
origin.
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Table 4: Simulated and tted band origin T and harmonic wavenumbet ¢ via PGopher

in comparison with reference values, taken from [76]. The uncertainty is obtained by the
tting software. Values in brackets were not varied within the t. All values are given in
cm 1.

State designation To t To ref. lot I o ref.
B? (45913.6) 45913.6 1007.7 22.1 1037.2
C? 52169.5 90.3 52126 2391.8 15.6 2395
D2 54411.4 1415 53084.7 2017.1 18.3 2323.9
B'? 60716.9 85.4 60364.2 1065.9 33.2 1217.4
F2 61826.0 28.4 61800 2358.6 11.3 2394
H? 62471.8 84.3 62473.4 2371.2 38.3 2339.4
H'2 62492.1 12.3 62485.4 2370.2 8.2 2371.3
L2 61802.6 148.7 61563.0 1016.4 41.4 974.6

To conclude, the nitric oxide (NO) molecule can be produced from the nitrous oxide {8)
molecule via the PDN and subsequent probing within a molecular beam via REMPI is
implemented successfully. In addition, the data obtained from this experimental approach
is viable for spectroscopic analysis.

5.6 Masses (54, 56, 58, 60)u

The main goal of the project, including this work as preparatory part, is to produce
carbon-bearing species in a PDN and obtain spectroscopic data about these products
via REMPI. The section above demonstrates the method of obtaining spectral data of a
discharge product. However, the identi cation of carrier molecules and their fragments
produced in the PDN is not a trivial task. Due to the rich chemistry and variety of carbon-
bearing molecules, alongside the many fragmentation channels of bigger molecules, it is
rather di cult to identify exact species as origin of di erent mass signals. This section

Is about the masses (54, 56, 58, 60)u, which were present in the obtained mass spectra
during the experimental period of this work. Unfortunately, the carriers of these signals
remain unidenti ed, however, a qualitative description of the acquired spectral data for
these masses is performed by focusing on the impact of sample composition and discharge
voltage on the relative signal strength.

First, a closer look at the time trace in Figure 18 reveals that there is a series of signals
for the masses (52, 54, 56, 58, 60)u. The masses of these signals do not correspond
to the masses of any precursor molecules in use. During this measurement, the sample
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Figure 26: Enlarged view on the time trace in Figure 15. The mass signals
(52, 54, 56, 58, 60)u clearly are present for an engaged discharge.

was comprised of 3 % methane (CHl 0.5 % nitrous oxide (NO) in helium, alongside
benzene (GHs) in the external pickup cell. These signals are also appearing as a reference
signature in measurements with only methane and in measurements with methane in
combination with ammonia (NHs) as precursor samples. Hence, the emergence of these
signals has to be accounted to chemistry happening within the discharge plasma. Figure
26 depicts the mentioned time trace in the calculated mass range of (49 - 64)u. The
masses (52, 54, 56, 58, 60)u are only present when the discharge is engaged. There
are no signals for masses larger than 60u across all measurements performed during
the experimental period. Thus, the evaluation of these signals is con ned to the range
displayed in Figure 26. To elaborate on these signals, a clear identi cation of the parent
molecule of these fragments is necessary. It is evident that fragments of one specic
molecule have to have matching spectral signatures. For this, the spectra of these masses
are shown in Figure 27. The displayed spectra are given with respect to the measured laser
wavelength since the carriers of these signals are unknown and the number of photons
involved in the REMPI process is unclear.

In Figure 27, the spectra of the respective masses are normalized with respect to their

strongest signal for comparison. Due to the high noise level in the spectrum of mass 52, no
distinct spectral features can be observed. Therefore, mass 52 u is excluded from further
comparisons and evaluation. The comparison of these spectra reveals that masses 54 u
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Figure 27: Comparison of spectra of masses (52, 54, 56, 58, 60) u across the scanning range
of (302.5 - 327.5)nm. All spectra intensities are normed with respect to their strongest
signal.

and 56 u exhibit very similar spectral signatures, although mass 54 u shows signi cant
lower signal strength and also a higher noise level. Both spectra show distinct features at
304.794 nm and 305.941 nm. The matching relationship between the spectra of these two
masses infers their origin to be from the same molecule. On the other hand, masses 58 u
and 60 u show a di erent spectrum in comparison to masses 54 u and 56 u. Their spectra
express matching features at 322.748 nm and 323.345 nm, which means these mass signals
stem from the same molecule. As a result of this comparison, it can be stated that the
masses 54 u and 56 u belong together and the mass signal arises from the same parent
molecule. The same can be stated for the masses 58 u and 60 u.

In the following, these masses are investigated in pairs, so observations for one mass
signal are analogous for the pair. In order to further investigate the origin of these
pairs, it is necessary to consider experimental parameters, e.g. the sample composition
or the discharge voltage, for their in uences on intensities, line shapes and correlations
across the spectra. For this, Table 5 presents the main experimental parameters for
di erent measurements. The chosen measurements are enumerated from one to six and
the parameters change with regard to the sample in use, as well as the discharge voltage
and the detector (MCP) voltage. These measurements were chosen for their di erent
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amounts of methane and their additional molecules, e.g.,® or NHs. All measurements
were performed with 5bar backing pressure.

Table 5: List of several measurements and their experimental parameters regarding the
sample composition, discharge and MCP voltages. The backing pressure for all measure-
ments isp =5 bar.

No. Sample Discharge voltage [V] MCP voltage [V]
1 CH; 22% 900 -2000
2 CH; 3% 700 -2000
3 CH; 3% + N,O 0.5% 750 -2000
4 CH; 3% + N,O 0.5 % + CgHg 900 -1800
5 N,O 6% 750 -1800
6 CH; 3% + NH3 1% 750 -1600

Masses (54, 56)u

Starting with the masses 54 u and 56 u depicted in the lower part of Figure 27, the spectra
of these masses are identical, besides their signal strength and noise level. The spectra of
mass 54 u exhibit signi cant lower signal strengths and higher noise levels, in comparison
to the spectra of mass 56 u. However, the contour of spectral features remain the same
across all measurements. Therefore, the comparison of spectra is limited to the spectra
of mass 56 u, since stronger signals are bene cial for comparing. Figure 28 depicts the
spectra of mass 56 u for all relevant measurements. The spectra of each measurement are
normalized to the strongest feature at 305.94 nm for comparability. This feature is chosen,
due to its presence in every spectrum, regardless of sample composition. Attention should
be paid to the varying MCP voltage across these measurements, which only allows for
comparisons of relative line intensities. It is of importance to consider the linear impact
of the varying discharge voltages across the measurements. As stated in Section 5.1, the
increase of the discharge is proportional to the signal strength, due to higher production
yields of any given species. Therefore, signals are to be expected stronger in intensity with
increasing discharge voltages. In general, the spectrum of mass 56 u looks quite complex
and there are several features across the spectral range. For smaller wavelengths in the re-
gion from 303 nm to 312 nm, the spectrum displays a raised baseline for all measurements,
except measurement 2. The increased intensity in this region resembles a continuous ion-
ization of a species fragmenting into the masses (54. 56)u. Along this raised baseline,
there are several features which vary in intensity for di erent sample compositions. The
strongest feature at 305.94 nm is present in every measurement, implying that the carrier
of this signal is produced despite of di erent precursors. Additionally, there are features
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Figure 28: Comparison of the spectra of mass 56 u for each measurement. All spectra are
normalized to the spectral feature at 305.94 nm. The enumeration corresponds to 5.

of similar relative intensities at (310.02, 312.95, 319.35, 325.75) nm, however, all of these
features are most pronounced in measurement 6. It o ers the best signal to noise ratio,
despite the fact that the MCP voltage is comparatively low. As to be expected, most
of the features along the spectral range display rotational contours, hinting at a com-
plex ro-vibrational structure of the carrier molecule or to a mixture of di erent species
fragmenting to the masses (54, 56) u. Figure 29 displays a zoom into the range between
(303-309) nm, featuring some di erences between the measurements.

The spectra in this region include several prominent features with varying relative inten-
sities. There are two weak features at 303.31. nm and 303.75 nm with higher intensities
in measurements 2, 3, 4 and 5. These measurements all contain methane and/or nitrous
oxide. The signal at 303.31 nm is only visible in measurement 3, which involved methane
and nitrous oxide. These two weak features are missing in the spectrum of measurement 6,
suggesting that these signals arise from the involvement of oxygen since only measurement
6 was performed without an oxygen donor in the discharge. Comparing measurements 3
and 4 to measurement 2 support the presumption of the oxygen contribution since the
signal at 303.31nm is missing in measurement 2. Further, the signal at 304.79nm is
present in every measurement and is especially strong in measurement 5, although this
measurement only involved nitrous oxide and has an overall low signal strength. This
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Figure 29: Comparison of the spectra of mass 56 u of di erent measurements, enlarged
view on the spectral range (303-309) nm. The enumeration corresponds to 5.

signal suggests a strong correlation to nitrogen and oxygen within the discharge. This
feature is also relatively weak with respect to the signal at 303.75 nm in measurements 2
and 6, which do not involve oxygen. Moreover, the strongest signal also displays varying
line shapes for di erent measurements. In the spectrum 6, the feature is quite narrow and
has a small right and left ank, whereas in measurements 2, 3 and 4 there is a signi cant
broader shape to it. In measurements 2, 5 and 6 the left ank resembles another weak
feature, while measurements 3 and 4 display a broad left ank. This hints at spectral
features lying below the main peak, at least for measurements 3 and 4. There are several
signals for longer wavelengths, e.g. at 310.02nm and 312.95nm. These can be found in
every spectra with similar relative intensities, however, the features are not distinct and
almost indistinguishable from the noise level for all measurements. Moving on to the
latter part of the spectra with a dense population of signals in all measurements. Figure
30 displays an enlarged view of the region from (318 - 327) nm. Within this spectral area
there are several features present in every spectrum, such as the feature at 318.49 nm,
showing a relatively stronger intensity without nitrous oxide in the measurements 1,2 and

6. Also, the feature at 318.80 nm is signi cantly more distinct in measurements 6 and 2,
while in measurements 3, 4 and 5 this feature is weak and only visible as contour. This
indicates a correlation with the absence of oxygen. This correlation suggests that the
species responsible for these features have higher production yields without the presence
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Figure 30: Comparison of the spectra of mass 56 u of di erent measurements, enlarged
view on the spectral range (318-327) nm. The enumeration corresponds to 5.

of oxygen in the discharge. This is also the case for most of the features in this region.
Measurement 6 exhibits the highest relative intensities for the signals, which can not only
be account to the higherS=N ratio of this speci c measurement. The increased signal
strength of the features along (319.35 - 325.6) nm gives evidence to higher production of
the species responsible for these features when ammonia is present in the discharge. This
assumption is also supported by the lower discharge voltage of measurement 6 since other
measurements have higher voltages and in turn should show higher intensities. Therefore,
the presence of oxygen seems to reduce the production yield of this molecule. This obser-
vation also holds true for the measurements 1 and 2 which have been performed without
oxygen-bearing samples. Additionally, there are prominent features from (326 - 327.5) nm,
only emerging distinctly for the measurement involving methane and ammonia.

These observations lead to the assumption that the spectra of mass 56 u emerge from a
mixture of carbon and nitrogen-bearing molecules (amines), as well as species involving
carbon, nitrogen and oxygen (amides). In addition, the fragments display a 2 u gap, which
is typical for the dissociation of hydrogen H bonds of organic molecules. The loss of hy-
drogen is a favorable fragmentation pattern for hydrocarbons and ts the fragmentation
from 56 u to 54 u. Moreover, there are no mass signals above 56 u, sharing this spectral
signature and the overall intensity for the spectra of 56 u is signi cantly higher than for
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the mass 54 u, it can be argued that mass 56 u represents a parent species created within
the discharge. Considering the high relative intensities of spectral features, as displayed
in Figure 30, the combination of methane and ammonia seems to be favorable for the
production of such species in the discharge environment, especially considering the lower
discharge voltage in use. The work o¥i. Y. et al. [77] describes the production of
several amines from a dielectric barrier discharge plasma containing methane and ammo-
nia. The main product is stated to be Aminoacetonnitrile (GH4N;) with the matching
mass of 56 u. For these reasons, this molecule ts the observations made in this section.
Aminoacetonnitril (AAN) is an organic molecule which was found in space in 2008 [78]
and is of chemical and biological importance. The ionization energy of this molecule has
been determined to be 10.085eV [79]. This is adequately low for an ionization via a 2+1
REMPI scheme with the laser in use. Therefore, this molecule serves as one potential
candidate for the emerging spectra of mass 56 u in this work. Unfortunately, no refer-
ence spectra of AAN could be found in this exact spectral region, preventing the spectral
identi cation of this molecule.

Masses (58, 60)u

The comparison of the spectra for 58u and 60u is performed as above. The spectra of
these mass signals are not as densely populated by features as the spectrum of mass 56 u.
Here too, the spectra of mass 58 u and 60 u are identical in features, however, the signal
strengths are overall higher for the spectra of mass 58 u, which indicates this mass as
one main fragmentation channel for the unknown parent molecule. This implies that the
molecule in question might be large and it can not be argued whether mass 60u may
be the parent molecule. In fact, the spectral signature of masses 58u and 60u can also
be observed very weakly for the mass 62u in a measurement containing only methane.
This comparison is con ned to the spectrum of mass 58 u since it o ers the higheStN

ratio and can be found in every measurement. Figure 31 shows the spectra of mass
58u for each measurement. These spectra look very similar with minor di erences in
the region of shorter wavelength, however, there are signi cant varieties in intensity for
the prominent signals at around 322 nm. All data is normalized to the strongest signal

at 322.74nm present in all spectra. In the case of mass 58 u, the high8siN ratio is
given by measurement 4 with methane, nitrous oxide and benzene. Judging by the signal
strengths of measurement 6, which had signi cantly less noise for the spectrum of mass
56 u, the production yield of the parent molecule of masses (58, 60) u seems to be worse
than for measurement 4. For this reason, it can be argued that these masses emerge
from a species produced in the presence of oxygen. This suggestion is also supported
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