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Abstract

Vacuum ultraviolet laser spectroscopy of CO

molecules in a supersonic jet

A tunable narrow-bandwidth laser source combined with a supersonic gas jet as sample is well-

suited for obtaining high-resolution spectra of cold isolated molecules and complexes. In the

present study such a laser source in the vacuum ultraviolet was applied to the spectroscopic

investigation of rare carbon monoxide (CO) isotopomers and CO-noble gas van der Waals

complexes in supersonic gas pulses seeded with natural CO gas.

Tunable coherent vacuum ultraviolet radiation was generated by two-photon resonant four-

wave sum-frequency mixing of two pulsed dye laser beams in a magnesium vapour medium.

Laser induced fluorescence excitation spectra of the A(v'=3)-X(v"=0) vibronic band of CO

molecules in a noble gas (neon or argon) jet were obtained by measuring the total undispersed

fluorescence from the irradiated sample volume in dependence of the excitation wavelength. The

dynamics of the flow-cooling process in the supersonic jet were investigated and the experimental

parameters optimised using the rotational temperature of 12C160as determined from rotational

line intensities. Rotational temperatures as low as 2 ± I K were observed.

Spectroscopic detection of the rare 12C170and 12C180isotopomers was facilitated by the low

rotational temperature and high spectral resolution. Six rotational lines of 12C170and four of

12C180were detected in the A(v'=3)-X(v"=0) vibronic band. This demonstrates the low detection

limit (circa 3 parts per million) obtained in the experiment. The line wavelengths were

determined to an accuracy of 0.2 pm using the well-documented 12C160and 13C160 lines for

calibration. The spectral results on 12C170are, to our knowledge, the first rotationally resolved

laboratory measurements published on the A-X band of this isotopomer. Accurate wavelength

data of the stable isotopomers of CO is of importance in the interpretation of astrophysical

observations of CO in the interstellar medium. The newly determined 12C170wavelengths were

successfully applied to a recent problem in astrophysics (Astrophys. J. Lett. 2003).

The conditions in a supersonic jet facilitate the study of weakly bound van der Waals

complexes, of which CO-noble gas complexes are prototypes. However, there is no experimental

data available on the electronic excitation spectra of the CO-noble gas complexes, lying in the

vacuum ultraviolet region. In the present experiment evidence of extensive complexation of the
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CO in the noble gas jet has been found, but in the spectral region around the A(v'=3)-X(v"=O)

band of CO no distinct spectral features that could be associated with these complexes were

observed. Having considered the existing knowledge on CO and CO-noble gas complexes and

experimental studies on the excitation and dissociation dynamics of Iz-noble gas complexes, we

regard complex induced inter-system crossing or electronic predissociation as the most likely

causes for these observations.

The results on the rare CO isotopomers demonstrate the potential of our experimental setup

for high-resolution, isotope and state selective spectroscopy in the vacuum ultraviolet with a high

sensitivity for fluorescent species. The availability of the now well-characterised experimental

setup in our laboratory opens the way for further investigation of molecular or complex species

with spectroscopic features in the vacuum ultraviolet region.
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Samevatting

Vakuum ultraviolet laser spektroskopie van CO

molekules in 'n supersoniese gasstraal
'n Afstembare smal bandwydte laserbron en 'n supersoniese gasstraal as monster is 'n geskikte

kombinasie vir hoë-resolusie spektroskopie van geïsoleerde afgekoelde molekules en komplekse.

In hierdie studie is so 'n laserbron in die vakuum ultraviolet gebruik in die spektroskopiese

ondersoek van skaars koolstofmonoksied (CO) isotopomere en CO-edelgas van der Waals

komplekse in supersoniese gaspulse wat 'n klein persentasie natuurlike CO gas bevat.

Afstembare koherente vakuum ultraviolet lig is verkry deur twee-foton resonante vier-golf

som-frekwensie vermenging van twee gepulseerde kleurstoflaserbundels in 'n magnesiumdamp

medium. Laser-geïnduseerde fluoressensie opwekkingspektra van die A(v'=3)-X(v"=0)

vibroniese band van die CO molekules in die edelgasstraal (neon of argon) is uitgemeet deur die

totale fluoressensie van die beligte gasmonster, sonder golflengteskeiding, te meet as funksie van

die opwekkingsgolflengte. Die dinamika van die vloeiverkoelingsproses in die supersoniese

gasstraal is ondersoek en die eksperimentele parameters geoptimeer deur gebruik te maak van die

rotasionele temperatuur van 12Cl60 soos bepaal uit die intensiteitsverhoudings van die

rotasielyne. Rotasionele temperature tot so laag as 2 ± 1 K is waargeneem.

Spektroskopiese waarneming van die skaars 12C170 and 12Cl80 isotopomere is moontlik

gemaak deur die lae rotasionele temperatuur en die hoë spektrale resolusie. Ses rotasielyne van

12C170 en vier van 12C180 is waargeneem in die A(v'=3)-X(v"=0) vibroniese band. Dit

demonstreer die lae deteksielimiet (ongeveer 3 dele per miljoen) wat bereik kon word. Die

golflengtes van die lyne is bepaal met 'n akkuraatheid van 0.2 pm deur die bekende lyne van

12C160en 13C160vir kalibrasie te gebruik. Die resultate ten opsigte van 12C170 is sover vasgestel

kon word die eerste rotasioneel-opgeloste laboratorium metings van die A-X band van hierdie

isotopomeer. Akkurate golflengte data vir die stabiele CO isotopomere is van belang vir die

interpretasie van die astrofisiese waarnemings van CO in die interstellêre medium. Die nuwe

12C170 golflengtes is suksesvol aangewend in die oplossing van 'n onlangse

interpretasieprobleem in astrofisika (Astrophys. J. Lett. 2003).

Die toestande in 'n supersoniese gasstraal maak die bestudering van swak-gebonde van der

Waals komplekse moontlik. Hoewel CO-edelgas van der Waals komplekse as prototipes beskou
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word, is daar geen eksperimentele data beskikbaar oor die elektroniese opwekkingspektra van

hierdie spesies, wat in die vakuum ultraviolet gebied lê, nie. In hierdie studie is daar

eksperimentele getuienis gevind vir uitgebreide kompleksering van CO in die edelgasstraal, maar

in die spektraalgebied rondom die A(v'=3)-X(v"=O) band van CO is geen duidelike spektrale

kenmerke wat met hierdie komplekse geassosieer kan word, waargeneem nie. Na oorweging van

die bestaande kennins oor CO en CO-edelgas komplekse en eksperimentele studies oor die

opwekking en dissosiasie-dinamika van Iz-edelgas komplekse, beskou ons kompleksgeïnduseerde

intersisteemoorgange of elektroniese predissosiasie as die waarskynlikste redes vir hierdie

waarnemings.

Die resultate oor die skaars CO isotopomere toon die potensiaal van ons eksperimentele

opstelling vir hoë-resolusie, isotoop- en toestandselektiewe spektroskopie in die vakuum

ultraviolet met uitstekende sensitiwiteit vir fluoresserende spesies. Die beskikbaarheid van hierdie

nou deeglik gekarakteriseerde eksperimentele opstelling in ons laboratorium maak verdere

ondersoek na molekulêre of kompleks-spesies met spektroskopiese kenmerke in die vakuum

ultraviolet moontlik.
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The wonder of nature is that it functions perfectly,

irrespective of our ability to understand it.
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Chapter 1

Introduction

1.1 Motivation

Carbon monoxide! is one of the molecules with the widest distribution in the universe. CO has

particular significance in astronomy being the second most abundant molecular species (after

H2) in the interstellar space, stellar atmospheres and comet tails [1]. Whereas H2 cannot be

observed directly in radio astronomical observations, CO has dipole allowed spectra in the radio

frequency, infrared ranges, as well as the vacuum ultraviolet range of modern satellite based

spectrographs. This increases the importance of CO and its isotopomers as tracers to map the

distribution of molecular matter in stellar, planetary and cometary atmospheres [2] and the

internal structure of interstellar gas clouds ([3] as example). The distribution and ratios of the

different isotopomeric species of CO are important parameters in models of stellar evolution

and chemistry [4, 5]. On earth CO is a common and toxic waste product of the incomplete

combustion of organic material, plays an important role in the reactions during combustion and

occurs as impurity in many systems [6]. In atmospheric research CO isotopomers are used as

parameters in atmospheric models [7] and the non-stable 14C160 serves as an important tracer

in atmospheric chemistry [8].

CO has the additional advantages as prototype molecule that its electronic structure is

1Wherever the term "carbon monoxide" or "CO" without specification of the isotopic masses is used in this
dissertation it refers the CO molecule in general implicitly including all its stable isotopomers, their order of
relevance determined by their natural abundance. That means that the particular statement is probably the
best known for the most abundant 12C160, but is also at least qualitatively applicable to the rarer isotopomers.

3
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simple enough to be analysed by theoretical methods and CO gas can be obtained and handled

easily in pure form for experimental studies. It is therefore not surprising that CO and its

isotopic variants are some of the molecules most extensively studied by spectroscopic methods

and most often employed as prototype molecules.

One of the fields of research where CO serves as an important prototype is in the study

of van der Waals complexes containing diatomic molecules. The experimental and theoretical

investigation of small van der Waals complexes has been an active research field in the last

two decades, aimed at better understanding of the weak but fundamental van der Waals forces

binding these complexes, as well as the process of cluster formation. In this field of research

CO containing van der Waals complexes such as CO-Ar, CO-Ne, CO-He and CO-CO have been

studied extensively. CO-Ar in particular is considered a prototype of the tri-atomic van der

Waals complexes not containing He or H atoms [9].

The experimental data available on the isotopomers and van der Waals complexes of CO

are extensive, but far from complete, as will be discussed in more detail in chapter 2. Regarding

the isotopomers of CO, literature shows that, although the electronic excitation spectrum of

12C160 has been investigated extensively up to the high Rydberg levels, the spectroscopic data

available on the other isotopomers of CO such as 13C160, 12C180 and especially 12C170 are

more limited, as discussed in section 2.3. Regarding the van der Waals complexes there is a

complete lack of experimental data on the electronic excitation spectra, as well as dissociation

dynamics of CO containing van der Waals complexes, as discussed in section 2.4. In our opinion

an experimental study that fully employs the advantages of the combination of high-resolution

vacuum ultraviolet laser spectroscopy and extreme sample cooling in a supersonic jet could

contribute new experimental data to both these fields of research.

In the present study a natural CO sample under conditions of extreme cooling in a free

supersonic noble gas jet was investigated by high-resolution vacuum ultraviolet laser spec-

troscopy. The potential of our experimental setup results from the combination of a narrow

bandwidth tunable vacuum ultraviolet laser source - facilitating high resolution, state selective,

time resolved spectroscopy of a well defined sample volume - and a free supersonic noble gas

jet optimised to deliver the sample gas at very low temperatures, subject to a controlled level

of condensation and practically collisional free conditions at the point of observation.

4
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The work documented here must be considered a pioneer project opening the way for further

investigation in our laboratory of (i) the electronic excitation spectra of CO isotopomers such as

13C160, 12C180, 12C17°or others, (ii) the excitation spectra of CO van der Waals molecules and

(iii) electronic excitation or ionisation spectroscopy of other scientifically and technologically

relevant molecules and complexes.

5
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Chapter 2

State of research

As background to the present study the relevant research on the different isotopomers of CO

and CO-noble gas van der Waals complexes is outlined. Considering the aims of the present

study the experimental methods are emphasised.

2.1 Basie spectroscopie properties of CO

Carbon monoxide has six stable isotopomers in nature. Their natural abundances on earth, as

calculated from the isotopic abundances of carbon and oxygen from reference [10], are given

in table 2.1. CO isotopomers containing the unstable 14C isotope also occur in nature, but at

concentrations of about 1013times lower and are not considered in this study.

Table 2.1: Natural abundances of the stable CO isotopomers. The relative populations given
as percentages are calculated from the natural isotopic ratios of carbon and oxygen on earth.

Isotopomer Natural abundance(a) (%) Isotopomer Natural abundance(a) (%)

12C160 98.668 13C160 1.100
12C180 1.979 x 10-1 13C180 2.207 X 10-3
12C170 3.79 X 10-2 13C170 4.224 X 10-4

(a) Calculated from isotopic ratios from Handbook of Chemistry and Physics [10].

6
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The spectroscopic properties of 12C160 have been characterised well. The molecule has a

relatively high dissociation energy, given in the most recent review as 89592 cm "! for 12Cl60

[11]. As a heteronuclear diatomic molecule, CO has a dipole allowed rotational spectrum in the

radio frequency range, a rotation-vibrational spectrum in the infrared, as well as an electronic

excitation spectrum of which a significant part (all excitations from the Xl x+ ground state)

lies in the vacuum ultraviolet.

The potential energy curves of most of the known electronic states of 12C160 are illustrated

in figure 2-1, with the AlII(v' = 3) - Xl~+(v" = 0) transition that was investigated in our

experiment indicated by an arrow. The dissociation energy is indicated by a dotted line. The

energies of the electronically excited states of CO relative to the X1~+(v" = 0) state lie in

the vacuum ultraviolet region, from about 206 nm (48474 cm-I) towards shorter wavelengths,

although transitions between different electronically excited states such as the Angstrom bands

are found at longer wavelengths. The AlII state that is of relevance in our experiment is the

lowest singlet electronically excited state. It is strongly perturbed by the a'3~+, é~-, d3.6.i,

Jl ~-, a3II and D1.6. states with which it overlaps. These perturbations have been studied in

detail for 12C160 and for a few bands of 13C160 as reviewed by Morton and Noreau [11]. The

difference in the perturbations to which 12C160 and 13C160 are subject respectively illustrates

the inaccuracy of using 12Cl60 term values to calculate the term values of any other CO

isotopomer.

The rotational and vibrational constants of the Xl ~+ ground state and the A III excited

states of 12C160 used in this work have been taken from the comprehensive compilation of

Huber and Herzberg [12]. The vibrational and rotational quantum numbers vand J will be

used in the following discussions for all CO isotopomers, with the normal convention that v"

and I" refer to the vibration and rotation of the lower electronic state whereas v' and J' refer

to the upper electronic state in the excitation transition.

7
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Figure 2-1: Potential energy curves of the electronic states of 12C160 up to the dissociation
limit, calculated by the RKR procedure, taken from reference [13] with permission of the author.
On the x-axis the internuclear C-O distance is plotted. The dotted horizontal line indicates the
dissociation energy of CO. The electronic vibrational transition investigated experimentally in
the present work is indicated by a vertical arrow.
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2.2 Vacuum ultraviolet electronic excitation spectroscopy of

12C160

Spectroscopic study of the electronic excitation spectrum of carbon monoxide started in 1875

with the work of Angstrom and Thalén on transitions in the visible region, followed by the first

ultraviolet measurements by Deslandres in 1888 and Lyman shortly after 1900 [6]. The system-

atic study of the 12C160 vacuum ultraviolet spectrum by measuring absorption and emission

of gas discharges started in about 1926. The mutual perturbations between the different elec-

tronically excited states of 12C160 encouraged intensive studies of both the dominant allowed

bands as well as forbidden transitions [14].

Although spectroscopic detection of CO definitely has many important applications in envi-

ronmental science as well as industry, the strongest motivation for the extensive and specialised

spectroscopic study of CO, especially its electronic excitation spectrum, has been the astrophys-

ical relevance of the molecule. The astrophysical importance of CO stimulated the laboratory

investigation of the vacuum ultraviolet spectra of 12C160 and other CO isotopomers in two

ways. Firstly, the rate at which interstellar CO molecules are photodissociated by cosmic vac-

uum ultraviolet radiation is one of the most crucial, but most uncertain parameters in the

theoretical models of the gas clouds in the interstellar space [4]. Since it was established that

the photo dissociation process of CO does not take place by continuum absorption but domi-

nantly via discrete excitations [15, 2] of high Rydberg levels of the molecule, the spectroscopic

investigation of the highly excited electronic states of CO became a very active research field.

Several groups have participated in extensive investigations of the Rydberg states of 12C160

[16, 17]. The properties of the Rydberg states below and above the dissociation limit of CO,

as well as mutual perturbations between states that could influence the photodissociation life-

times of these states, were studied in particular. Secondly, for the interpretation of the vacuum

ultraviolet absorption spectra measured in space, accurate laboratory spectra of the relevant

electronic transitions of all the different CO isotopomers, also the rare isotopomers, are needed.

Such results are available for 12C160 as well as 13C160 and 12C180, but not yet for 12C170 as

discussed further in section 2.3.

In addition to the continuing absorption and emission spectroscopy (with [18] and [19] as

9
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examples of recent papers) a variety of specialised laser-based methods have been used in the

investigation of the electronically excited states of 12C160. Optogalvanic spectroscopy (with

visible lasers) was employed in the first observations of transitions between some of the highly

excited Rydberg states [20, 21]. Different resonantly enhanced multi-photon excitation and

ionisation methods have been applied [17, 22, 23, 24, 25, 26, 27]. The group of Vidal was

among the first to do state selective laser spectroscopy by multi-step excitation of 12C160 using

a narrow bandwidth coherent vacuum ultraviolet source based on the method of sum-frequency

generation in a gaseous medium [16,28,29,30]. Spectroscopy of 12C160 using this type of source

has been extended to the extreme ultraviolet (XUV) region [31, 32]. Resonantly enhanced sum-

frequency generation in CO gas has also been employed as a spectroscopic method [33, 34]. In

our experimental work an experimental setup and coherent vacuum ultraviolet source similar

to that of Vidal et al. [30] is used.

The CO samples in the above-mentioned laser based experiments have been stagnant low

pressure CO gas or free supersonic expansions of pure CO gas or CO gas mixed with He. Super-

sonic expansions were used to obtain a high gas density in the sample volume and collision-free

conditions for lifetime measurements. The flow-cooling effect was sometimes used to obtain a

simplified molecular spectrum - lower temperature increasing the intensities of the low rota-

tional lines and decreasing those of the high rotational lines - but no particular attempt was

made to utilise or investigate the extreme cooling that can be obtained with a supersonic ex-

pansion. Drabbels et al. [22], using a CO-He jet in their experiment, mention that the low

temperatures (about 4 K) in their supersonic expansion did facilitate the detection of lines of the

rarer isotopomers of CO (13C160 and 12C180) in natural abundance, indicating the potential

of flow-cooling.

It is not within the scope of this discussion to give a complete review of the spectroscopic

results that were obtained in the above-mentioned and other work on CO. Reviews of the

spectroscopic data available on 12C160 have been compiled by Herzberg (1950) [35], Krupenie

(1966) [6], Simmons et al. (1969) [14], Tilford and Simmons (1972) [36], Huber and Herzberg

(1979) [12] and Morton (1994) [11].

10
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2.3 Vacuum ultraviolet electronic excitation spectroscopy of

rare CO isotopomers

In astrophysics the detection of different isotopomers of CO and the determination of their

densities and density ratios are of great importance in the study of the interstellar medium

[37]. The presence of all of the 6 stable isotopomers of CO in the interstellar medium has been

confirmed by observation of radio frequency emission [4].

The vacuum ultraviolet absorption spectrum in the radiation from distant light sources is

the best method to obtain quantitative column densities of CO isotopomers in the interstellar

space along a specific line of sight [18]. Using the spectroscopic results of the less abundant

isotopomers of CO, saturation of the absorption lines can be avoided, resulting in more accurate

density values. Even more important than determining absolute densities are the observed ratios

of the different isotopomeric column densities and their deviation from the ambient interstellar

isotopic ratios [4]. This deviation of the CO isotopomer ratios, termed isotopic fractionation [4],

yields important parameters in the theoretical models of the physical and chemical evolution of

the interstellar gas clouds, and even the stellar evolution in the galactic region under observation

[11].

Of relevance to our work is the extent to which the rotationally resolved vacuum ultraviolet

spectra of the stable CO isotopomers, in particular their astrophysically important Al rr( v') -

XIL;+(v" = 0) progressions, have been recorded both in the interstellar space and in the

laboratory.

The vacuum ultraviolet absorption spectra of interstellar 12e16o and 13e16o were first

observed as low resolution spectra in 1971 by Smith and Stecher [38]. The Goddard system on

the Hubble Space Telescope facilitated the measurement of the first rotationally resolved vacuum

ultraviolet absorption spectra of interstellar CO - the Al Il]v' = 2,3) - Xl L;+(v" = 0) bands of

12e16o by Smith et al. [39] in 1991 and the Al rr( v' = 5,6) - Xl L;+( v" = 0) bands of 13e16o

by Sheffer et al. [40] in 1992. Rotationally resolved bands (AI Il]v' = 2 - 5) - Xl L;+(v" = 0)) of

12e18o and 12e17o have been observed and studied by Sheffer et al. in 2002 [4]. However, the

observation of the vacuum ultraviolet absorption spectra of the two least abundant isotopomers,

13e18o and 13e17o, was not possible with the Goddard system's sensitivity limits according to

11
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Morton [11].

Proper interpretation of the observed interstellar vacuum ultraviolet spectra of the CO

isotopomers requires accurate laboratory measurements of the wavelengths (as well as oscillator

strengths) of the relevant spectral lines. The laboratory wavelength data are necessary to

calculate the Doppler shift of the interstellar lines and subsequently the mean velocity of the

gas cloud relative to the observer. In contrast to the extensive vacuum ultraviolet spectroscopy

done on 12C160 there has not been the same systematic investigation of the spectra of the other

isotopomers. In particular laboratory data for the A IIT(v') - Xl x+ (v" = 0) transitions that

have been observed in space are not available yet for all isotopomers of CO. Morton et al. [11]

reported in 1994 the lack of rotationally resolved laboratory measured data on a number of

astrophysically important transitions of the rarer CO isotopomers. They expressed a particular

need for accurate rotationally resolved data on the A1IT(v' = 0 - 9) - X1~+(v" = 0) vibronic

bands of 12C180 and the A1IT(v' = 0 -7) - X1~+(v" = 0) vibronic bands of 12C170. Beaty et

al. [41] measured and published the lacking data of the 12C180 spectrum in 1997, but in 2002

when Sheffer et al. [4] reported the first interstellar vacuum ultraviolet observation of 12C170,

the above mentioned data of this isotopomeric species were still not available.

Emission and absorption spectroscopy of 13C and 180 isotopically enriched samples have

been the dominant methods used in the investigation of the rarer isotopomers of CO. A hollow

cathode lamp filled with isotopically enriched CO samples [42, 43, 44], CO in a discharge lamp

[45, 46], as well as an isotopically enriched C02-Ar supersonic jet with an electric discharge

generating CO [41, 47, 48] have been used for emission spectroscopy of 13C160, 12C180 and

13C180. Absorption spectroscopy of the same species has been done using cyclotron radiation

[18], plasma sources [45, 49, 50] and a microwave excited Xe lamp [46] as radiation sources and

stagnant isotopically enriched CO gas as sample.

The work of Ubachs, Velchev and Cacciani [51] illustrates the power of high resolution laser

spectroscopy (resonantly enhanced multiphoton ionisation) in combination with a flow-cooled

sample in a supersonic jet: the chosen E1IT(v' = 1) - X1~+(v" = 0) vibronic band could be

detected and analysed for all six isotopomers using natural CO as well as a 13Cenriched sample.
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2.4 Spectroscopic and theoretical studies of CO-noble gas van

der Waals complexes

Van der Waals complexes have received increasing attention in the last decade. Van der Waals

forces are weak intermolecular interactions, but playa fundamental role in chemical and physical

processes such as the solvation and folding of large biological molecules, adsorption processes

and liquid-gas phase transitions. High resolution spectroscopic studies of weakly bound van der

Waals complexes provide the most direct source of information on the intermolecular van der

Waals force [52]. Small van der Waals complexes are also studied as the first step towards cluster

formation - a research field receiving increased interest [53]. The study of intermolecular van der

Waals forces by investigation of van der Waals complexes involves specialised and challenging

work in both the fields of experimental spectroscopy and theoretical modeling. The renewed

interest and progress in van der Waals molecules in recent years is due both to progress in

the experimental techniques of laser spectroscopy and molecular beams and to the increase in

computational capacity available for theoretical modeling [54].

CO-noble gas van der Waals complexes serve as important prototypes for the study of

weakly bound tri-atomic (diatomic molecule bound to an atom) van der Waals complexes [55].

The CO-noble gas van der Waals complexes CO-He, CO-Ne, CO-Ar, CO-Kr and CO-Xe can be

studied as a series of which the binding energy as well as the limitation on the hindered internal

rotation of the CO increases with increasing mass and therefore increasing polarisability of the

noble gas atom. Of these complexes CO-Ar (referring to its electronic ground state) has been

studied most extensively both by experiment and in theoretical work [9].

The electronic ground states of the CO-noble gas species listed above have been charac-

terised to different extents by spectroscopy in the infrared, microwave, mm and sub-mm spec-

tral regions. These are complemented by theoretical studies searching for increasingly accurate

potential energy curves, which describe the intermolecular interaction in the ground state.

Brookes et al. [55] give an overview of the work on the different CO-noble gas complexes up to

1999 and could be consulted for detail and more references. The CO-noble gas complexes all

have essentially T-shaped equilibrium geometries and rotational spectra that are determined by

the hindered internal rotation of the CO subunit [55]. In the last decade a large experimental
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as well as theoretical effort was made with the aim to characterise all bound vibrational and

rotational states of CO-Ar (see Toczylowski et al. [56] and Brookes et al. [55] and their refer-

ences). The experimental work included spectroscopy in the infrared [9, 57], mm and sub-mm

spectral regions [58, 59, 60, 61]. The theoretical effort involved the development of ab initio

potential surfaces in order to model the chaotic behaviour of the high energy rotation levels

of the semi-rigid system [55]. The papers of Jansen et al. [62], Toczylowski et al. [56], Gi-

anturco et al. [63] and Pedersen et al. [64] represent the most recent theoretical understanding

of the CO-Ar molecule. For CO-He all of the 14 bound levels have been studied by infrared

spectroscopy and theoretical calculations of which McKellar et al. [65] gives an overview. For

CO-Ne the spectroscopic data, although not complete, include results from infrared [66, 67],

microwave [68, 69], as well as millimeter wave spectroscopy [70], from which potential energy

curves could be constructed [71, 72]. CO-Kr and CO-Xe are the least studied of the CO-noble

gas complexes. Brookes et al. [55] and Walker et al. [73] provide a description of the limited

spectroscopic results on CO-Kr and CO-Xe. Apparently no purely theoretical papers have been

published on CO-Kr and CO-Xe. From these studies important information could be obtained

on suitable experimental conditions for the formation of CO-noble gas van der Waals complexes.

CO-Ar has been studied both in low temperature gas cells as well as in continuous and pulsed

supersonic gas expansions under a variety of expansion conditions. The conditions reported in

the literature compared to our experimental conditions will be discussed in section 6.3.

The same research groups doing spectroscopic studies on CO-noble gas complexes are usually

also involved in investigations of the CO-CO dimer [74, 75, 76]. The reason is that the CO

dimer can be studied with the same experimental setup under similar experimental conditions

as the CO-noble gas complexes.

A detailed understanding of the electronic ground state of the prototype complex, CO-Ar,

has been obtained by spectroscopic investigations accompanied by theoretical studies. The

theoretical calculations of Toczylowski et al. [56] represent the most accurate two-dimensional

potential energy surface of CO, those of Gianturco et al. [63] the first calculations where

the dependence on the vibrational coordinate of the CO subunit is included, and the work of

Pedersen et al. [64] the first three-dimensional potential energy surface. The most important

geometric and spectroscopic constants for the CO(X)-Ar ground state, resulting from recent
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o

c
Figure 2-2: Schematic illustration of the CO-Ar van der Waals complex. The angle ()is measured
with respect to the centre of mass of the CO molecule. The bond lengths of the C-O molecular
bond and the CO-Ar van der Waals bond are not drawn to scale.

work, are given in table 2.2. The labeling of the quantum numbers in table 2.2 and further

discussions are done according to Xu and McKellar [9]. For the complete quantum mechanical

description of the CO-Ar van der Waals complex a full set of quantum numbers is needed, the

nature of which depends on whether a semirigid molecule or a free internal rotor approach is

followed as discussed by Xu and McKellar [9]. In the present work only the different vibrational

quantum numbers in the complex need to be distinguished. As the symbol v is already used

for the quantum number of the stretching vibration of the molecular CO, the symbol V2 will be

used for the bending vibration and V3 for the stretching vibration of the van der Waals bond,

as in table 2.2. In the geometry of the CO-Ar van der Waals complex, the symbol ReO-Ar will

be used for the length of the van der Waals bond in general and Re more specifically for the

equilibrium length of the van der Waals bond. e is used for the angle between the van der Waals

bond and the molecular axis of the CO molecule. e is chosen in such a way that e = 180°

denotes the linear Ar-CO geometry and e = 0° the linear Ar-OC geometry, as illustrated in

figure 2-2.

In contrast to extensive studies of the ground states of the CO-noble gas van der Waals

complexes, especially CO-Ar, no experimental data are available on the electronic excitation of
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Table 2.2: Geometric and spectroscopic constants of the CO(X)-Ar ground state and some
predicted values for the CO(A)-Ar electronic state of the CO-Ar complex.

De (cm=") Re (A) 8 (degrees) V2 (cm t+) V3 (cm=") Reference

CO(X1L;+)-Ar

103.0 3.721 93 (a) ... 31.6 [81], ab initio
98.6 3.82 99 11.894 18.175 [56], ab initio
105 3.73 93 11.712 (b) 18.823 (b) [63], ab initio
102 3.72 93 11.729 (b) 18.004 (b) [64], ab initio
104.68 3.714 92.88 12.014 18.110 [60], experimental

CO(A 1IT)-Ar

115.5 3.65 93 (a) ... 34.4 (c) [81], ab initio

(a) This value of 8 was a fixed input value for the calculation.
(b) These values are calculated for CO(X, v" = O)-Ar. The values calculated for
v" = 1 differ slightly.
(c) This value was calculated assuming that the CO bond length in the CO(A 1IT)-Ar
complex is the same as in the ground state.

16

Stellenbosch University http://scholar.sun.ac.za



any of the CO-noble gas van der Waals species. Electronic excitation of a CO-noble gas complex

generally refers to a transition in which the CO subunit of the complex makes a transition to

an excited electronic state while the noble gas atom remains in its ground state.

Although numerous spectroscopic studies of the electronic excitation spectrum of 12C160

have been published - including measurements in supersonic noble gas expansions where CO-

noble gas van der Waals complexes were likely to be present - no experimental observation of any

electronic excitation lines of any CO-noble gas complex have been reported to my knowledge.

The only reports published to my knowledge on the electronic excitation spectrum of a CO-

noble gas van der Waals complex are two theoretical test studies on the use of ab initio methods

to calculate the electronic excitation spectra of CO-He that have been published by Salazar and

Hernandez [77, 78]. Their method on CO-He involves ab initio calculations (using Moller-Plesset

perturbation theory including perturbations to all orders) of the potential energy curves of the

ground as well as excited states of CO-He as a function of the van der Waals bond length. From

these potential energy curves dissociation energies and the energies of the vibrational levels can

be predicted. They reported a lack of experimental data to compare with the theoretical results

on the excited state [77].

On learning of our attempt to obtain experimental measurements of the electronic excitation

spectrum for CO-Ar, Salazar and Hernandez initiated ab initio modeling of CO-Ar similar to

their work on CO-He [79]. Initial results were obtained using second order Moller-Plesset

perturbation theory to calculate the interaction energies [80]. The most recent results were

obtained using the CCSD(T)l correlation method [81]. Potential energy surfaces as function

of the van der Waals bond distance were obtained for both the ground state and the lowest

singlet excited state, assuming fixed values for the angle e and the C-O bond length in the

calculation of each potential energy surface. In the calculations done up to date the potential

energy surface of the excited CO(A, v = 3)-Ar complex was calculated by using the C-O bond

length of the ground state CO (X, v" = 0) molecule and also the angle e as determined for the

ground state complex. These assumptions limit the accuracy of the results of the calculations.

Some numerical values from the results of Salazar and Hernandez [81] that are relevant to the

1CCSD(T) refers to Coupled-Cluster theory with iterative treatment of single and double excitations and
non-iterative treatment of triple excitations.
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further discussion are reproduced with their permission in table 2.2, in comparison with the

data of higher correlated calculations of Toczylowski et al. [56], Gianturco et al. [63] and

experimental data of Hepp et al. [60] in the case of the ground state. The equilibrium well

depth De and bond length Re of the ground state CO-Ar complex calculated by Salazar and

Hernández correspond well with the higher correlated calculations of Gianturco et al. [63], but

the ground state vibrational constant V3 predicted by Salazar and Hernández differs significantly

from the experimental values and other theoretical values. For the excited CO(A, v' = 3)-Ar

state we currently consider the predicted values of De and Re of Salazar and Hernández [81] to

be reasonably accurate, but the predicted values for the vibrational constant V3 to be only an

upper limit.
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Chapter 3

Physical principles of applied

methods

In this chapter the three main physical processes applied in the experimental work are dis-

cussed. An understanding of the physical principles is crucial to understand the behaviour of

the processes and to optimise the experimental conditions for each of these processes.

3.1 Cooling and condensation in a supersonic jet

The advantages of a supersonic jet were first recognised in 1951 by Kantrowitz and Grey [82].

Since the 1960s the method developed rapidly and was increasingly applied to facilitate spec-

troscopy of isolated cold molecules [83]. Supersonic jets offer uniquely favourable conditions

for the study of single molecules as well as weakly bound complexes: low translational temper-

atures combined with collision-free conditions (no matrix effects), as well as a relatively high

sample density. The non-equilibrium conditions in the jet, that cause the cooling of the internal

degrees of freedom and especially the condensation of the gas to lag behind the translational

temperature, can be very useful in experiments.

A pulsed I free gas jet consists of a gas reservoir containing gas at a certain stagnation

IModels of the conditions in supersonic jets, including the mathematical relations in the discussion below,
generally refer to continuous jets. The conditions in a pulsed jet, as used in our experiment, can be described by
the same models as long as the gas pulse period is long relative to the time needed for the jet flow to develop
fully [84].
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pressure, a pulsed valve allowing gas to expand into a low pressure volume, and adequate

pumping capacity to maintain the pressure difference. No skimmers or other means to influence

the beam path after the valve orifice are used. A supersonic jet develops, contrary to an effusive

molecular beam, if the mean free path length of the gas in the reservoir is much smaller than the

size of the orifice. In this case the flow through the orifice and for some distance downstream of

the orifice is hydrodynamic flow [85]. In this part of the expansion, by means of collisions, the

enthalpy of the random motion of the gas particles in the reservoir is converted into directed

mass flow. As a result the mean mass flow velocity u increases while the velocity distribution

of the gas particles narrows significantly, causing the translational temperature Ti; to decrease,

the speed of sound a in the gas to decrease and the Mach number Ma = a/u to increase

from Ma = 1 at the narrowest point of the nozzle to supersonic values .!vIa> 1 as expansion

progresses. The maximum mass flow velocity reached in the jet (at infinite Mach number) is

limited by the finite amount of random energy contained in the stagnant gas prior to expansion

and is given by y1up where up is the most probable speed of particles in the stagnant gas. The

mass flow velocity approaches this maximum value (asymptotically) relatively early in the jet

at a Mach number of about 4 [86], after which it remains practically constant while the density

of the gas and temperature continue to decrease, resulting in a decrease in the local speed of

sound and increase in Ma. For positions further than 4 nozzle diameters from the nozzle along

the jet axis the dependence of Ma on distance is approximated by the expression/ [87]

_ (X) ('y-l)
Ma-A -

D
(3.1)

where X is the axial distance from the nozzle, D the nozzle diameter, 'Y the ratio of heat capac-

ities Cp/Cv of the expanding gas and A is a constant depending on 'Y. The local temperature,

the pressure and the density in the beam also change, being related ' to the changing Mach

2This expression holds under the condition that the flowing gas in the hydrodynamic flow zone can be treated
as a continuous medium.

3The assumptions in deriving this relation are that the conditions of adiabatic reversible flow holds and the
expansion is isentropic.
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Table 3.1: Physical gas properties of carbon monoxide, argon and neon.

Property (a) Carbon Monoxide Argon Neon
Tref = 193 K Tref = 180 K Tref = 21°C

Cp (kJ/kmol) at Tref, 1.013 bar 7.01 20.99 -21 (b)

Cv (k.L/mol) at Tref, 1.013 bar 5.01 12.52 -12 (b)

'Y at Tref, 1.013 bar 1.40 1.68 1.65 (b)

nail (K) at 1.013 bar 81.60 87.27 27.09
D.vap (kj/mol) at Tbail,1.013 bar 6.05 6.519 1.84

(a) All data in this table were obtained from reference [88] except for the specific heat capacities
of neon indicated by the superscript (b). Of the available data lowest temperature data were selected.
(b) Values obtained from website of Airliquide (21 May 2003), reference [89].

number by [85, p. 141]

Ttr ( P ) ('y-l)h ( P ) ('y-l) 1
TirO = Po = Po = 1+ ~('Y - 1)M~

(3.2)

where Tiro, PO, Po and Tir, P, P are the translational temperature, pressure and density of the

gas in the reservoir and in the expansion, respectively.

In flow cooling experiments, as in the present experiment, monatomic gases are usually

chosen as carrier gases since these gases only have translational energy and do not store extra

energy in internal degrees of freedom. For monatomic gases 'Y :::::::iand A :::::::3.26 in the equations

above. Empirical values of 'Y, as well as other gas properties, for the gases used in the present

experiment are given in table 3.1.

The cooling process in a monatomic gas supersonic expansion, that is the result of collisions,

cannot continue infinitely. With increasing distance from the orifice the density of the gas

decreases and the flow becomes increasingly directed. Therefore the number of collisions per

time interval decreases rapidly until the expansion can be regarded as free molecular flow.

Under this condition the Mach number, as well as temperatures associated with all degrees of

freedom, are "frozen" [90], although the density continues to decrease with the square of the
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distance". The terminal Mach number according to the calculations of Anderson and Fenn

[86] is given by equation 3.35 in terms of the mean free path length of the gas particles in the

stagnant gas '\0 and an empirical parameter termed the collisional effectiveness constant E.6

(D) ('y-l)h
2.05ly-1)h '\0

133 (PoD)O.4 (for argon gas with Po in bar and D in cm)

(3.3)

Combining equations 3.3 and 3.2 a relation between the stagnation pressure Po and the terminal

temperature TT reached in the jet is obtained:

(3.4)

where 0: is a parameter depending on the collisional effectiveness E and the collisional diameter

(J of the gas ((J = 3.67 X 10-8 cm for argon). For any noble gas the exponent 2 ('y - 1)h is

equal to 0.8 and for argon gas with Po in bar and D in cm the relation [91] reduces to

To = 1+ 5896 (POD)0.8 .
TT

The condition of free molecular flow in an undisturbed free supersonic expansion in theory

continues up to the Mach disk. The position of the Mach disk depends on the background

pressure PB in the vacuum chamber into which the gas expands, and can be calculated for

most gases by the expression 3.5 [87] where XM is the distance from the nozzle to the Mach

disk and D the nozzle diameter, and Pol PB is within the limits 15 ::::;Pol PB ::::;17000.

X (R )0.5
:; =0.67 P: (3.5)

In an experimental setup, care should be taken to ensure that the free molecular flow part of

the beam is used as probe volume without interference of the Mach disk. The practical aspects

4 Note that the substitution of equation 3.1 into equation 3.2 for the case Ma » 1 yields an inverse square
dependence of the density on the axial distance p cx: 1/ X2 as expected for flow from a point source [90].

5This equation does not hold for He where quantum statistical effects cause a deviation.
6The collisional effective3ness is a measure of the change in the mean random velocity per gas particle per

collision. For argon E = 0.25 [86].
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are discussed in more detail in section 4.2.

In this experiment a seeded expansion is used with the molecules of spectroscopic interest

(CO in the present work) mixed into the monatomic gas expansion as a small percentage. The

final state that these molecules reach in the expansion (regarding their rotational and vibra-

tional degrees of freedom as well as condensation) depends on the rate at which these processes

yield equilibration with the translationally cold carrier gas bath. The rotation-translation equi-

libration is rapid and typically extensive rotational cooling is observed. The rate of vibration-

translation equilibration is generally slower so that the vibrational cooling is not complete [92].

The phase equilibration in general is slow so that the extent of condensation is limited in spite

of the low translational temperature. The first step of condensation is the formation of van der

Waals complexes with a single van der Waals bond - either between two of the molecules or

between a molecule and a carrier gas atom - but larger clusters will also form under suitable

experimental conditions.

The extent of cluster formation is influenced by and can be controlled by experimental

parameters such as the stagnation pressure and reservoir temperature, the nozzle geometry, the

carrier gas and the sample gas-carrier gas ratio in the expanding gas mixture [93]. The optimal

conditions seem to be very setup-specific and only general rules of thumb exist.

In principle the cooling process and the formation of condensation products are competing

processes in the sense that the binding energy that is released during condensation (see b..vap

values in table 3.1) reheats the gas and in the case of extensive condensation limits the minimum

translational temperature that can be reached. The rate of cooling which depends on the rate

of two-body collisions in the jet is proportional to PoD [91]. In the special case of a pure

noble gas jet it is proportional to (PoD)O.4 as seen in equation 3.3. The rate of condensation,

or more specifically the formation of van der Waals complexes in such an expansion, depends

on the number of three-body collisions [94, p. 124] which is proportional to pJ D or D /'\6
[91]. If an extremely low translational temperature with minimum condensation is required, a

larger nozzle cross section D and lower stagnation pressure Po are advisable. If a measure of

condensation is desired, as in our experiment, the optimisation could be done towards larger D

and especially higher stagnation pressure Po in order to advance both cooling and condensation

processes. From experimental results a conical nozzle geometry and a lower temperature To in
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Figure 3-1: Illustration of the efficiency of different noble gas species as carrier gases with
respect to the cooling of 12C160 molecules seeded into the expansion, The curve was obtained
by calculating the percentage of momentum transferred from the 12C160 molecule to an initially
stationary noble gas atom during an elastic two-body collision.

the gas reservoir generally advances cluster formation [93].

Two other practically important parameters influencing the cooling are the percentage of

sample molecules added to the carrier gas and the choice of the carrier gas. If the percentage

of the molecular gas added to the carrier gas expansion is increased beyond trace amounts, it

will increasingly influence the behaviour of the expansion. It can be understood in terms of a

change of the effective heat capacities and heat capacity ratio of the gas mixture [94, p. 125]

as the fraction of molecular gas to carrier gas is increased. Molecules with internal degrees

of freedom have lower specific heat capacities than that of the argon or neon carrier gases, as

illustrated by the -y-values listed in table 3.1.

The choice of carrier gas is another parameter of practical significance. The efficiency of

collisional cooling of any molecule, and particularly CO, in different noble carrier gases varies.

If it is assumed that the translational degrees of freedom of the CO molecule seeded into the

noble gas expansion are cooled mainly by two-body collisions with the noble gas atoms and that
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the cross section is the same for the different noble gases 7, then according to the classical theory

of elastic two-body collisions (a simple "billiard-ball" model assessed for head-on collisions) the

efficiency of momentum transfer in a collision depends on the mass ratio McO/Mnoble gas' The

closer this ratio is to 1 the more completely the momentum is transferred from the hot CO

molecule to the cold carrier gas atom. Figure 3-1 illustrates this effect. It can be seen that Ar

and Ne are the two noble gases that should be most efficient for cooling CO.

3.2 Generation of tunable coherent vacuum ultraviolet light

Since the development of lasers in the early 1960s the advances in high-sensitivity high-resolution

spectroscopy have benefited greatly from tunable narrow bandwidth lasers as ideal sources of

radiation. Nonlinear optical processes'', facilitated by the high intensities of laser beams, provide

methods to extend the range of high-resolution laser spectroscopy to regions of the spectrum

where no suitable laser sources are available. Nonlinear crystals are employed to extend the

range over which continuous tuning is possible in the near infrared, visible and near ultraviolet

range, but these crystals become opaque at wavelengths below about 200 nm. For generation of

narrow bandwidth (typically of the order ofO.1 em-I) tunable coherent radiation in the vacuum

ultraviolet region (below 200 nm), four-wave mixing processes in gaseous nonlinear media have

to be used [95]. Metal vapours and/or noble gases are generally employed as gaseous nonlinear

media. For the generation of wavelengths shorter than the 105 nm cut-off of window materials,

noble gases combined with a windowless setup and frequency doubled dye lasers are used (for

example [96] and [32]). To generate wavelengths in the range 105 - 200 nm, metal vapours

generally yield better conversion efficiencies due to higher nonlinear susceptibilities and the

possibility of phase matching by the addition of a noble gas [13].

In every experimental application of four-wave mixing the challenge is to choose the most

appropriate gaseous medium and to optimise the experimental conditions to yield optimal out-

7This is only a rough estimate since the difference in the collisional cross sections of a collision of a CO
molecule with different noble gas atoms will certainly influence the result.

8Nonlinear frequency conversion processes become even more dominant in work with modern high power ultra-
short pulse picosecond and femtosecond solid state lasers. However for high-resolution spectroscopy, such as the
work documented here, a narrow bandwidth as provided by a nanosecond pulsed laser source is crucial. This
discussion only refers to frequency conversion processes applicable in work with narrow bandwidth nanosecond
laser sources of moderate power, of which dye lasers are still the prototype.
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put in the desired wavelength range. Wallace and Zdasiuk [97] first investigated magnesium

vapour, mixed with helium gas but not phase matched, as a nonlinear medium for two-photon

resonant third-harmonic and sum-frequency generation. They reported a wide continuous tun-

ing range (140 - 160 nm) in the vacuum ultraviolet and a high power conversion efficiency.

McKee et al. [98] extended the range of wavelengths generated in magnesium vapour to shorter

wavelengths (121 - 129 nm) and Yamanouchi et al. [99] used a magnesium vapour medium

to obtain longer wavelengths (160 - 174 nm). In an experimental investigation of magnesium

vapour as nonlinear medium, Junginger et al. [100] presented magnesium vapour prepared in

a heat pipe oven and phase matched by the addition of krypton gas as an efficient low-loss,

high density medium for third-harmonic generation around 144 nm. Vidal and collaborators

demonstrated in their extensive excitation spectroscopy of CO that sum-frequency generation

in such a medium serves as a suitable source of narrow bandwidth vacuum ultraviolet radiation

for high resolution spectroscopy [16, 28, 29, 30].

3.2.1 Sum-frequency generation in a magnesium vapour medium

The nonlinear processes relevant in this work are the sum-frequency generation process, where

two incident fields at frequencies WI and W2 in the visible interact with the medium to generate

the sum-frequency Ws = WI + WI + W2 in the vacuum ultraviolet and the degenerate third-

harmonic generation process where WI = W2 and Ws = 3WI. Both of these are third order

nonlinear processes and are generally described as four-wave mixing processes. In a gaseous

nonlinear medium, third order processes constitute the lowest order nonlinear processes that

can be employed for frequency conversion.

In the current section the physical principles underlying the experimental requirements for

efficient sum-frequency generation are discussed using results from the theoretical description. A

concise description of the theory of sum- frequency generation in a gaseous medium, as applicable

to the present experiment, is found in appendix 8.1 and references thereof.

Four-wave mixing can be described most generally as the coupling of four electromagnetic

waves due to their interaction with a nonlinear optical medium, resulting in the transfer of

energy between the different electromagnetic fields [101, p. 90]. The interaction is characterised

by the nonlinear polarisation of the medium which is expressed in terms of the electric fields
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and the nonlinear susceptibilities characteristic of the medium (equation 8.15).

The theoretical description of sum-frequency generation yields an expression for the gener-

ated sum-frequency intensity (equation 8.17) from which it can be deduced that the intensity of

the generated vacuum ultraviolet depends on the intensities of the incident beams, the square of

the medium density, the square of the medium length, the square of the nonlinear susceptibility

of the medium and the phase matching factor. These last two factors yield the character-

istic medium requirements for efficient sum-frequency generation in an experimental vacuum

ultraviolet source.

For efficient sum-frequency generation the gaseous medium must have a sufficiently large

third order nonlinear susceptibility for the sum-frequency generation process. The susceptibil-

ity tensor X(3) ( -Ws; WI, WI, W2) is characteristic of the medium, but as shown by the quantum

mechanical expression 8.12 it is subject to fundamental selection rules and influenced by reso-

nances - factors that must be considered in an experimental setup. The first aspect to consider

is that the nonlinear susceptibilities of the even orders vanish in centrosymmetric gaseous media

leaving four-wave mixing (a third order process) as the lowest order frequency up-conversion

process. Secondly the angular momentum selection rule applied to the nonlinear susceptibility

determines the polarisation of the incident laser beams that can be employed for the genera-

tion of a sum-frequency or third-harmonic output (equation 8.14 and the discussion thereof).

Thirdly the susceptibility for sum-frequency generation can be enhanced by suitable resonances

with the atomic magnesium energy levels. There are three possible resonances to be employed

for resonant enhancement as illustrated in figure 3-2: a one-photon resonance of an incident

frequency, a two-photon resonance of WI or a three-photon resonance of the incident frequencies

which is associated with a one-photon resonance of ws. The one and three-photon resonances

(figure 3-2 (a) and (c)) have the disadvantage that these resonances inevitably bring along

strong one-photon absorption of either an incident or the generated sum-frequency wave by a

dipole allowed transition. The two-photon resonance (figure 3-2 (b)) is the method of choice

as it enhances the nonlinear susceptibility without causing enhanced one-photon absorption.

Magnesium vapour provides both a large intrinsic third order nonlinear susceptibility [97] as

well as suitable two-photon resonances with low two-photon absorption coefficients [100] for the

generation of sum-frequencies in the vacuum ultraviolet.
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Figure 3-2: Schematic illustration of the three possibilities for resonant enhancement: a one-
photon resonance of WI (a), a two-photon resonance of WI (b) and a three-photon resonance
(c). The solid horizontal lines represent atomic energy levels labeled 9, l, m, n. The dotted line
indicates a virtual energy level.

In an experimental vacuum ultraviolet source, where the macroscopic output in terms of

energy is important, efficiency on the quantum mechanical level is insufficient. The second

medium requirement is that the contributions to the sum-frequency wave, generated in differ-

ent volume elements of the medium, must interfere constructively - a condition called phase

matching. Phase matching is equivalent to the fundamental physical requirement for the con-

servation of linear momentum in the interaction of four electromagnetic fields. For collinear

beams, the phase matching condition can be expressed as a relation between the indices of

refraction of the medium at the incident and generated frequencies

(3.6)

A magnesium vapour medium can be phase matched by the addition of a positively dispersive

gas such as krypton. The index of refraction of a mixture of two gases depends on the number

densities of both gases and in the case of magnesium and krypton [100] the difference in their

dispersive behaviour can be used to adjust the indices of refraction of the medium by adjusting

the krypton-magnesium pressure ratio in the medium, until the phase matching condition,
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equation 3.6, is satisfied".

In an experimental setup the requirement for phase matching sets stringent requirements

for the conditions in the two-component nonlinear medium. To obtain and maintain phase

matching in such a medium, the noble gas-metal vapour mixture must be homogeneous and

extremely stable. For a sufficiently large metal vapour density, a high temperature is needed

and to obtain phase matching, this temperature must be homogeneous over the medium length

as well as stable over time. The partial pressures of the magnesium vapour and the krypton gas

must be well defined and independently adjustable to facilitate fine-tuning of the pressure ratio.

These stringent requirements can be met if the medium is prepared in a crossed concentric heat

pipe oven [103]. The principles of operation and characteristics of such a heat pipe oven are

discussed briefly in section 3.2.2.

Thirdly, in any medium there are other linear and nonlinear optical processes competing

with sum-frequency generation that have to be taken into account and suppressed if possible.

One-photon absorption of the incident frequencies WI and W2 can be minimised by avoiding one-

photon resonance conditions. Two-photon absorption of the two-photon resonant frequency WI

that causes saturation at high intensities cannot be avoided, but magnesium vapour has been

reported to have a favourably small two-photon cross-section [100]. The absorption of the

generated sum-frequency radiation in the medium due to photo-ionisation cannot be avoided,

since the sum-frequency energy typically lies above the ionisation threshold of the metal. The

enhanced absorption of the sum-frequency radiation near auto-ionisation bands of the metal

vapour often causes dips in the conversion efficiency in such wavelength regions [99]. The

generation of the third harmonic of the resonant incident frequency competes strongly with

sum-frequency generation being enhanced in the same way by the resonance. However, it can

be suppressed by appropriate polarisation of the incident beams. Other third and higher order

nonlinear processes may cause saturation at high input laser intensities.

3.2.2 Principles of operation of a crossed concentric heat pipe oven

The crossed concentric heat pipe oven facilitates the preparation of a magnesium vapour-

krypton gas medium meeting the stringent phase matching requirements without any special

9Sections 3.5 and 3.6 of reference [102] can be consulted for more detail.
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Figure 3-3: Schematic illustration of a crossed concentric heat pipe oven as used in our experi-
ment.

thermal design or active temperature control.

The crossed concentric heat pipe oven used in the present work has originally been developed

by Vidal and collaborators. The specific model used here was originally described by Schein-

graber and Vidal [103] and a slightly modified version by Steffes et al. [104]. A comprehensive

description and experimental characterisation of our heat pipe oven can be found in chapter 4

of reference [102]. Only a short description of the principles of operation has been considered

necessary here.

A crossed concentric heat pipe oven consists of two separate heat pipes - a vertical heat

pipe of larger diameter with a heat pipe of smaller diameter inserted horizontally into it - see

figure 3-3. There is only thermal contact between the two heat pipes. The vertical heat pipe

has sodium as working material and is filled with argon gas to pressure Pl. It is heated near

the bottom by a heating coil with constant heating power, and the sodium vapour column

that forms in it serves as a mechanism to obtain and maintain a very homogeneous and stable

temperature in the middle zone of the horizontal heat pipe, which is in thermal contact with

the vapour. The horizontal heat pipe contains the two components of the nonlinear medium:

magnesium metal as working material and krypton gas at pressure P2 as gas load. In both

of the heat pipes, the working material (sodium and magnesium respectively) is continuously
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evaporating at the heated zone of the pipe, flowing as vapour towards the colder zone(s) in the

heat pipe where it condenses. A metal mesh lining the inside acts as wick to return the liquid

phase working material from the condensation region to the evaporation region by capillary

action. Both heat pipes are connected to gas reservoirs with relatively large volumes kept at

room temperature to ensure that the fluctuations in PI and P2 are negligible once the heat pipe

is at operating temperature.

The homogeneous magnesium vapour-krypton gas mixture and the stability needed for phase

matching are provided by the properties of the liquid-vapour phase equilibria in the heat pipe

system. In the vertical heat pipe the externally regulated argon pressure PI determines the

sodium vapour pressure PNa (PNa = PI) and therefore the temperature of the sodium vapour.

This constant and stable temperature facilitates the establishment of a well defined and stable

magnesium vapour pressure PMg in the middle section of the horizontal heat pipe. The middle

section of the horizontal heat pipe therefore contains a homogeneous mixture of magnesium

vapour (at partial pressure PMg) and krypton gas (at partial pressure PKr = P2 - PMg). PMg

and PKr only depend on the stable pressures PI and P2 respectively and are not influenced

by fluctuations in the heating power. Both PMg and PKr can be adjusted independently by

adjusting PI and P2 respectively.

3.3 Electronic excitation spectroscopy by laser-induced fluores-

cence measurements

The detection of fluorescence upon irradiation of a sample with a laser, generally called laser-

induced fluorescence spectroscopy, has been the dominant method in laser spectroscopy of

molecules in supersonic expansions according to the review of Levy [105]. The two types of

laser-induced fluorescence spectra are fluorescence excitation spectra and dispersed fluorescence

spectra.

In the work described here fluorescence excitation spectroscopy was the method of choice.

In fluorescence excitation spectroscopy, the laser wavelength is tuned while measuring the total

fluorescence, using for example a photomultiplier tube. The resulting spectrum of the total

fluorescence as function of the excitation wavelength is essentially the product of the absorption
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spectrum and the fluorescence quantum yield of the molecule [106, p. 386]. Under collision-free

conditions the fluorescence quantum yield is in most cases near to 1 for all excited levels so that

fluorescence excitation spectroscopy serves as a highly sensitive method to obtain the absorption

spectrum [105]. The lowest detection limit is usually imposed by either the background stray

light signal or the electronic noise in the detection system, depending on which is the greater

of the two.

If additionally the absorption cross-sections for the investigated fluorescent states are either

similar or known, as for the rovibronic transitions of a single vibronic band, the relative line

intensities of the spectrum obtained by fluorescence excitation spectroscopy can further be used

to obtain the relative populations in the ground states N( v", I") from which the transitions

originate.

In the dispersed fluorescence method the excitation laser wavelength is set at a specific ab-

sorption wavelength of the sample and the emitted fluorescence is analysed using a monochro-

mator or polychromator. This method has not been employed in the work described here, but

could serve well as a complementary technique in future work - see chapter 7.
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Chapter 4

Experimental setup and methods

The experimental setup used in the present work consists of the pulsed source of coherent

narrow bandwidth vacuum ultraviolet radiation (section 4.1), a pulsed free supersonic jet as

spectroscopic sample (section 4.2) and a computerised system for control, detection of laser-

induced fluorescence and data acquisition (section 4.3). Figure 4-1 gives a schematic overview

of the components of this experimental setup.

4.1 Vacuumultraviolet laser source

Tunable coherent vacuum ultraviolet radiation is generated by two-photon resonant four-wave

sum-frequency mixing in a medium of magnesium vapour and krypton gas inside a crossed

concentric heat pipe oven. The setup for the generation of tunable coherent vacuum ultraviolet

is illustrated in figure 4-2 (see reference [102] for additional details).

The incident beams are provided by two pulsed dye lasers (both Lambda Physik, FL 3001X

with Coumarin 440 dye) pumped by a XeCI excimer laser (Lambda Physik, EMG 203 MSC).

The two beams are combined collinearly in a polarising beam combiner (Halbo Optics, PBC 10

M) and focussed by a f = 800 mm biconvex quartz lens into the magnesium vapour medium.

Good temporal overlap of the ca. 25 ns long laser pulses is guaranteed by pumping the two dye

lasers by the same excimer laser and arranging the optical path lengths through the two lasers to

be roughly the same. Optimal spacial overlap of the beams at their focal point in the nonlinear

medium is done in this setup by having mirror Ml as well as the polarising beam combiner BC
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Figure 4-2: Schematic illustration of the experimental setup for the generation of tunable narrow
bandwidth vacuum ultraviolet light.
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mounted on stands that allow accurate rotation around horizontal and vertical axes through

the reflecting surface. After visual pre-alignment, the beam overlap can be optimised further

by small adjustments to the orientation of BC while monitoring the sum-frequency signal. Due

to the importance of the spacial (lateral) overlap it was found that the internal alignment of

the dye lasers had to be optimised for good beam quality rather than maximal output energy.

The heat pipe oven (see figure 3-3) is operated with a total pressure of ca. 250 mbar in the

outer vertical heat pipe, setting the temperature of the central heated zone of the horizontal

heat pipe oven to typically 750°C. In this heated zone of the horizontal heat pipe oven, a

homogeneous gas mixture of magnesium vapour (circa 20 mbar) and typically around 260 mbar

krypton gas is prepared, serving as the nonlinear optical medium with an optical path length of

circa 60 mm. The horizontal heat pipe has a quartz entrance window and a vacuum ultraviolet

transmitting MgF2 window on the exit side between the heat pipe and the vacuum system.

The krypton gas effectively confines the magnesium vapour and with the additional measures

of water cooling of the end caps of the horizontal heat pipe and the insertion of baffles with 5

mm apertures inside both the windows of the horizontal heat pipe, no problems with window

contamination have been encountered.

The four-wave mixing process is enhanced both by a two-photon resonance and by phase

matching of the medium. Resonant enhancement is achieved by fixing the wavelength of dye

laser I at 430.878 ± 0.002 nm corresponding to a two-photon resonance with the 3s2 ISo - 3s3d

ID2 transition of atomic magnesium, as illustrated in figure 4-3. The wavelength of the sum-

frequency radiation is tuned by tuning the wavelength of the dye laser II. Phase matching of

the magnesium vapour-krypton gas medium is obtained by optimising the krypton pressure by

adjusting the volume of the krypton reservoir. Figure 4-4 shows typical phase matching curves.

Phase matching is usually obtained with a Kr:Mg vapour pressure ratio of about 12 : 1. It was

not found necessary to re-adjust the Kr:Mg pressure ratio during scans up to ca. 50 cm-I.

In this vacuum ultraviolet source enhancement of the sum-frequency generation process

and suppression of the competing third harmonic of the resonant dye laser were achieved by

applying both circular polarisation of the incident laser beams and optimisation of the phase

matching. Due to angular momentum selection rules (as explained in more detail in appendix

8.1) optimal third-harmonic generation requires linearly polarised incident laser beams, whereas
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optimal sum-frequency generation with suppressed third-harmonic can be achieved by employ-

ing incident beams polarised circularly in opposite senses. The outputs of the dye lasers are

about 95 % vertically polarised. Propagating the beam of dye laser I through a double Fresnel

rhombus (DFR) changes its polarisation to about 85 % horizontally polarised. Opposite circular

polarisation is achieved by propagating the two dye laser beams, now polarised perpendicularly,

through a Fresnel rhombus (FR) functioning as a quarter-wave retarder to produce dominantly

circularly polarised light in opposite senses. The polarisation is, however, not complete enough

to suppress the third harmonic fully. The difference in phase matching conditions for the third-

harmonic and sum-frequency generation processes was used to discriminate further against the

third-harmonic. As illustrated in figure 4-4 the phase matching peak for third-harmonic gener-

ation (yielding 143.63 nm) occurs at a slightly lower Kr:Mg pressure ratio than the peak for the

longer wavelength sum-frequency (typically 144.6 - 145 nm). By choosing a Kr:Mg pressure

ratio on the high pressure side of the sum-frequency peak the third harmonic is suppressed,

at the cost of having lower sum-frequency intensity as well. The third method used to pro-

mote the sum-frequency generation relative to third-harmonic generation was to ensure that

the non-resonant dye laser produced a higher energy output than the resonant dye laser. Using

these methods, it was always possible to ensure that the amplitude of the third-harmonic signal,

measured when allowing only the resonant beam into the heat pipe oven, was not more than

50 % of the amplitude of the vacuum ultraviolet signal measured with both beams unblocked.

It could then be assumed that at least 50 % of the vacuum ultraviolet signal I measured with

both beams unblocked should be of the sum-frequency wavelength.

The characteristics of the generated sum-frequency radiation are closely related to that of

the incident dye laser beams. The dye lasers provide moderate pulse energies of about 1 - 2

mj per pulse with a 25 ns full width half maximum, and pulse-to-pulse energy fluctuation of

roughly 10 %. The bandwidth of the dye lasers depending on the wavelength in the 7th grating

order is about 0.2 - 0.3 cm-I. The peak power of the generated sum-frequency radiation is

estimated from the signal amplitude on the photomultiplier to be in the order of a few mW or

1Measurement of the third-harmonic signal by blocking the nonresonant dye laser beam provides an upper
limit for the contribution of the third harmonic to the total vacuum ultraviolet signal. When the nonresonant
dye laser beam is unblocked, the third-harmonic contribution should decrease due to competition between the
third-harmonic and the sum-frequency generation processes. The true percentage of sum-frequency radiation is
therefore expected to be higher than 50 %.
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about 1015 photons per second. This corresponds to a typical power conversion efficiency in

the order of 10-7. The bandwidth of the generated sum-frequency radiation, as estimated from

the line widths of the CO spectra, is about 0.25 cm "! (0.5 pm at 144.7 nm).

The continuous tuning range of the sum-frequency wavelength is determined by the tuning

range of the laser dye in dye laser II. Coumarin 440 was used in dye laser II throughout this

work. The sum-frequency signal could be observed to follow the efficiency profile of Coumarin

440 over its tuning range, as illustrated in figure 4-5 (b). On closer investigation, broad dips in

the vacuum ultraviolet intensity at specific wavelength ranges that are not due to changes in

the dye laser energy but rather to autoionisation bands in the magnesium ionisation continuum

are observed. The vacuum ultraviolet wavelength region that is of interest for probing the

A1IT(v' = 3) - Xl~+(v" = 0) band of CO lies on the short wavelength side of such a broad dip

in the spectrum of the vacuum ultraviolet source as illustrated in figure 4-5 (a). This had the

result that the vacuum ultraviolet power that was used in the scans showed a steady decrease

towards the red in all scans.

The laser beam emerging from the heat pipe oven consists of the two incident frequencies

WI and W2, the tunable sum-frequency WSF = WI +WI +W2 and the third harmonic WT H = 3Wl

of the resonant dye laser frequency. No separation of the sum-frequency, third-harmonic and

incident beams was done in the present work. From a spectroscopic viewpoint it was not

considered necessary since neither the fundamental visible wavelengths nor the third harmonic

of the resonant wavelength were expected to have a significant interaction cross section with

CO or the CO van der Waals molecules. Although the visible incident wavelengths and the

third-harmonic vacuum ultraviolet wavelength in the experimental laser beam did not interact

with the sample molecules, their presence had to be taken into account when considering the

measurement of the vacuum ultraviolet intensity, scattered light and fluorescence. This is

discussed in the section 4.3.

4.2 Vacuum system and pulsed supersonic jet

The pulsed free supersonic jet apparatus consists of a gas reservoir (adjustable volume, 2.2 to

2.9 liter) containing gas mixtures at pressures up to 7 bar, connected to a vacuum chamber
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through a pulsed valve. As illustrated in figure 4-6, the pulsed valve is mounted in the top of

the cylindrical vacuum chamber (diameter 100 mm, length 700 mm, provided with four KF-40

flanges 95 mm from the top). The vacuum chamber is evacuated by a turbo molecular pump

(Pfeiffer TPH 200, 190 Ijs) positioned at the bottom of the chamber, with a rotation pump

(Vacuubrand, model RS-15, 15 m3 jh) as pre-vacuum pump. The pressure transducers (pirani,

Leybold- Heraeus, model 162 02 B3 and penning, Leybold- Heraeus, model 172 85 Bl) and a

bypass to the pre-vacuum pump to assist quick evacuation are positioned at the top of the

chamber, on the same height as the laser beam. A background pressure of ca. 5 x 10-6 mbar

could be maintained in the vacuum chamber, also during extended measurements. Using a

repetition rate of 1Hz2, as normally used during the experimental work, the pressure recorded

by the pressure transducers could be seen to increase momentarily during each gas pulse and

decrease again to the background pressure before the next gas pulse. Under the pressure

conditions of the experimental work the position of the Mach disk, as calculated by equation

3.5 in section 3.1, was never closer than approximately 0.5 m from the nozzle. Therefore

interference of the Mach disk with the sample volume was not expected or observed.

The valve that was used in this experiment is a solenoid valve (General Valves series 9, Part

nr. 9-181-900) driven by a home-built pulsed voltage source. The valve exhibits an opening

time of ca. 0.4 ms and could provide gas pulses with minimum duration of ca. 1.5 ms. Attempts

to obtain shorter gas pulses failed, possibly partly due to the pulsed voltage source providing

only ca. 75 % of the driving voltage that is specified for the valve.

The temporal development of the gas pulse could be investigated in two ways. Initially

general testing of the valve was done using a custom fast ionisation gauge as described by

Gentry and Giese [107]. The fast ionisation gauge ionises the gas passing through its grid and

produces a current signal proportional to the gas density, with a rise time of a few microseconds

[107]. Figure 4-7 illustrates a few good fast ionisation gauge measurements as displayed on

an oscilloscope. The results as illustrated in figure 4-7 showed that the valve does not open

completely when trying to obtain a pulse duration shorter than about 1.3 ms. Another useful

result obtained by this method was the time delay between the voltage pulse of the pulsed valve

2The low repetition rate of 1 Hz was used to ensure that the vacuum chamber was evacuated sufficiently
between two gas pulses so that a slowly rising background pressure in the chamber would not desturb the gas
expansion during long measurements.
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Figure 4-7: Fast ionisation measurements of the gas pulse from the pulsed valve measured
at a distance of 40 mm from the nozzle. The expansion gas was nitrogen expanding from a
stagnation pressure of 1.6 bar; the background pressure was 5 x 10-5 mbar. Note that the
period of the gas pulse (full width half maximum) is not necessarily equal to that of the voltage
pulse - it greatly depends on the stagnation pressure and mechanical forces in the valve. These
curves confirm that when the gas pulse period is decreased below ca. 1.3 ms the peak gas
density decreases with the period indicating that the valve does not open completely any more.
The valve takes ca. 0.5 ms to open completely.

driver and the gas pulse. The disadvantage of the fast ionisation gauge that made it impractical

for general use during the experiment is that the home-built model only yielded useful results

in a very limited range of conditions (stagnation pressures) due to arcing problems.

The second method to investigate the gas pulse behaviour was by measuring the fluorescence

signal of a chosen 12C160 line while scanning the laser pulse (TL rv 25 ns) in time over the gas

pulse (TG rv 2 ms) by changing the delay time between the gas pulse trigger and the laser trigger.

These so-called "delay scans" could be employed under all relevant experimental conditions.

The profile of the gas pulse as recorded in a delay scan contains additional information on the

temperature of the gas during the pulse as the fluorescence of a specific excitation transition is

influenced by the population of the ground state rotational level which is influenced by the gas

temperature.

The delay scan method was used to determine the merit of changing to an elongated vacuum
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vacuum chamber that was used in the experiment. The rates with which the signal amplitudes
of the Q(1) and Q(3) signals changed during the gas pulse (indicated by the dotted lines)
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Q(1) and Q(3) signals respectively, corresponding to a temperature rise of 13 K/ms. Using the
longer chamber (b) the rates of change were significantly smaller: -110 units/s and 60 units/s
respectively, corresponding to a temperature rise of 3 K/ms.
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chamber in an early stage in the experiment - the results illustrated in figure 4-8. Initially a

shorter vacuum chamber was used in the setup giving a free path length of only 130 mm between

the pulsed valve and the butterfly valve in the bottom of the chamber and a volume of 1.6 dm".

Delay scans with the shorter chamber (figure 4-8 (a)) indicated a relatively steep increase in the

rotational temperature of approximately 12 K/ms of the gas sample during the pulse period.

This temperature increase is due to the fast increase in the background pressure during the

gas pulse period in the small volume of the chamber. After the vacuum chamber had been

enlarged to provide an unobstructed space of about 630 mm along its axis before reaching the

butterfly valve and a volume of 5.5 dm3, the delay scans (figure 4-8 (b)) showed a much slower

temperature increase of approximately 3 K/ms during the gas pulse, even at a higher stagnation

pressure. The enlarged vacuum chamber has been used in all experiments of which the data

are presented here.

Having a fixed vacuum chamber geometry, pumping capacity and a specific pulsed valve with

its typical pulse duration, there are several parameters that can still be adjusted to influence

the conditions in the sampled gas volume in the supersonic jet (i.e. in the volume in the jet

irradiated by the vacuum ultraviolet beam). The basic parameters are the nozzle geometry,

orifice diameter of the nozzle, the distance from the nozzle to the laser beam, the stagnation

pressure, the percentage CO molecules in the expanding gas and the noble gas species used as

carrier gas.

In our experiment, the nozzle geometry was fixed by the geometry of the available valve and

the need for a vacuum tight seal around the orifice. The resulting geometry is illustrated in

figure 4-9. The smallest orifice diameter in the nozzle (D) and the nozzle-to-laser distance (X)

could be adjusted, although by rather cumbersome methods. The diameter of the orifice of the

valve itself is 0.8 mm. The effective orifice diameter could be decreased by inserting a small disk

with a smaller hole in front of the valve orifice as illustrated in figure 4-9. Since the position of

the laser beam and the photomultiplier PMT 1 detecting the fluorescence signal were fixed and

the length of the valve mounting was not adjustable, the nozzle-to-laser distance could only

be changed to predetermined values (X = 14 mm, 20 mm and 30 mm) by interchanging valve

mountings of different lengths. Suitable values of D and X were established by experimental

measurements early in the project, using argon as carrier gas and measuring the rotational
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Figure 4-9: Schematic illustration of the geometry of the nozzle of the pulsed valve used in the
present work. A thin metal disk (grey shaded) was inserted in front of the valve to decrease
the effective orifice of the nozzle arrangement.
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temperature'' and the fluorescence signal amplitude that could serve as a measure of the gas

density with different setups. The values D = 0.8 mm and X = 20 mm were found to provide a

suitable compromise between lowest temperature and sufficient gas density. The choice of the

value for X corresponds with the experimental rule of thumb [108] that cooling is practically

complete at a distance of about 10 orifice diameters from the nozzle. This setup was then used

throughout the work, employing the remaining gas-related parameters for further optimisation

of the conditions as discussed under the experimental results in section 5.1.

4.3 Laser-induced fluorescence detection and data acquisition

The system responsible for the detection of the laser-induced fluorescence, data acquisition

and control of the experiment is illustrated schematically in figure 4-10. The experiment is

controlled and the data are acquired by a personal computer (a PC 486 that runs Windows 3.1)

running a custom programme in HP VEE (Hewlett Packard Visual Engineering Environment).

The computer is connected via an interface card (HP82335) and parallel port to the dye laser

II, the delay generator and a computer interface with analog-to-digital functionality (Stanford

Research Systems, SR 245) in order to set the laser wavelength, to set the delay between the

laser pulse and the gas pulse and to retrieve data automatically at every step of a scan. Each

data point in a scan is the average of a user-set number of laser pulses (usually 10) in order to

reduce the influence of shot-to-shot fluctuations in vacuum ultraviolet power. All experiments

were done at a repetition rate of 1 Hz. The delay generator triggers the pulsed valve driver and

the excimer laser with the appropriate delay between them. The trigger for the data acquisition

system (boxcars and computer interface) originates from a photodiode detecting the excimer

radiation, making it independent of any time-jitter the excimer discharge might show.

The vacuum ultraviolet fluorescence of the molecules in the illuminated region of the su-

personic jet is measured by a solarblind photomultiplier PMT 1 (EMR Photoelectric, model

542G-08-18-03900, Cs-I cathode) positioned perpendicular to both the laser beam and the su-

personic jet. The relative power of the transmitted vacuum ultraviolet beam is measured by

splitting ca. 8 % of the beam off with a MgF2 window and reflecting this radiation with a

3The method of determining the rotational temperature is discussed in detail in section 5.1.
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Figure 4-10: Schematic illustration of the computerised data acquisition and control system.
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Figure 4-11: The fluorescence signal of the strong R(O) CO line as well as the signal of the
transmitted vacuum ultraviolet beam as displayed on the oscilloscope.

convex polished aluminium surface onto the photocathode of a second solarblind photomulti-

plier PMT 2 (Harnamatsu, model R973, Cs-I cathode). The signals of the two photomultipliers

are integrated by two boxcar integrators (Stanford Research Systems, model SR250) and the

analog values transferred to the computer interface where they are digitised. Simultaneously

the photomultiplier signals can be viewed on a 500 MHz oscilloscope (Hewlett-Packard, model

54616B) as illustrated in figure 4-11.

The laser beam emerging from the vacuum ultraviolet source contains not only light at the

desired vacuum ultraviolet sum-frequency WSF = WI+WI+W2, but also the vacuum ultraviolet

third-harmonic frequency WTH = 3WI of the resonant laser as well as the two visible incident

frequencies WI and W2. The peak powers of the sum-frequency and the third-harmonic are

of the same order whereas the incident visible light has an intensity of roughly 6 orders of

magnitude larger. The presence of the visible incident light, as well as the vacuum ultraviolet

third-harmonic had to be taken into account in the design of the detection system for the

vacuum ultraviolet laser-induced fluorescence. The visible incident wavelengths in the beam do

not disturb the detection system, provided that the photomultipliers that are used are truly

solar blind. It was found that only photomultipliers with Cs-I photocathodes are truly blind for

visible light of high intensities, whereas tubes with Cs-Te as photocathode material do register
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signals when illuminated with relatively high intensities of visible light (around 440 nm), despite

being classified as solarblind in most catalogues". To avoid this problem, only photomultiplier

tubes with Cs-I photocathodes were used. On the contrary, the third-harmonic frequency of the

resonant dye laser lying near the sum-frequency in the vacuum ultraviolet is detected by the

photomultiplier tubes. This has the disadvantage that (without beam separation) the power of

the sum-frequency radiation could not be measured separately. In the results presented here

the measurements of the vacuum ultraviolet power are measurements of both the power of the

sum-frequency and the power of the third harmonic of the resonant dye laser I simultaneously.

These vacuum ultraviolet power measurements therefore provide only a qualitative (or, at best,

a relative) measure of the power of the sum-frequency radiation that is the quantity of interest.

For this reason the experimental spectra were not normalised with respect to the sum-frequency

power.

The vacuum ultraviolet signal has usually been measured beyond the vacuum chamber

where the experiment takes place. Measured in this way, the vacuum ultraviolet signal was a

useful diagnostic tool. It indicates that the vacuum ultraviolet beam is aligned correctly and

without obstructions through the experimental volume. It clearly shows unexpected dips in the

generated vacuum ultraviolet due to magnesium crystals momentarily obstructing the optical

path. lts absorption in the experimental volume when tuned to a strong CO absorption line.

The latter serves as indication of the presence of CO in the supersonic jet even if no fluorescence

is detected.

As the detection of small signals from rare isotopomers and van der Waals complexes was the

aim, the reduction of stray light and other noise on the fluorescence signal was important. For

the reduction of stray light, a tailor-made baffie with multiple apertures was inserted in front of

the photomultiplier PMT 1. This baffie reduces the solid angle observed by the photomultiplier

so that it receives only the light coming from the irradiated region (ca. 10 mm cross section) in

the centre of the supersonic jet. A single aperture was inserted in the beam before the reflector

in front of the second photomultiplier PMT 2 to reduce reflections from that region back into

the vacuum chamber. As far as possible all inner surfaces of the vacuum chamber and light

4This observation is verified by the same observation by Mellinger [13, p. 29] (working in the group of Vidal
then) who attributed this sensitivity to high intensity visible light to two-photon absorption in the Cs-Te.
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baffles have been painted with black absorptive polyurethane low outgassing paint (Aeroglaze

Z306). Since the absorptivity of this paint in the vacuum ultraviolet range was not specified, it

was tested experimentally in comparison with a clean aluminium surface and commercial mat

black spraypaint. With the reflection of the vacuum ultraviolet beam from the clean aluminium

taken as 100 % the Aeroglaze paint reduced the reflection to 33 %, whereas commercial black

spraypaint still showed 55 % reflection. With these measures implemented, the stray light signal

was below the detection limit of the apparatus.

The remainder of the noise on the signal was found to be electronic noise originating mainly

from the electronics of the boxcar integrators. It could be reduced somewhat by optimising the

position of the gate over which the signal is integrated and by avoiding a gate width smaller

than ca. 10 ns. The remaining noise consists of a data-point-to-data-point variation as well as

a slow apparently random drift in the dark background level.

4.4 Optogalvanic setup for wavelength calibration

Accurate wavelength calibration of the experimental spectra was very important in the re-

sults presented here. Calibration was done in the present experiment using either the vacuum

ultraviolet fluorescence lines of CO or the visible optogalvanic lines of neon.

General calibration of the dye laser wavelengths, independent of the sum-frequency gener-

ation process, was done by acquiring the optogalvanic spectrum of neon as illustrated in figure

4-12. The setup consists of a see-through hollow cathode lamp filled with neon and the recorded

signal is simply a measure of the lamp current measured over a large resistor. The discharge

volume inside the hollow cathode is irradiated by a fraction of the beam of the dye laser II split

off with a glass window. In the hollow cathode lamp a sustained neon gas discharge exists. The

lamp current is a function of the electron density in the discharge which is determined by the

total collisional ionisation rate from all atomic energy levels [109]. Whenever the wavelength

of the laser irradiating the discharge corresponds to a transition between any two populated

atomic or ionic energy levels of neon, the optical pumping perturbs the steady state popula-

tions of two or more levels. This causes a temporal change in the ionisation rates leading to

a perturbation in the electron density and subsequently in the lamp current. The temporal
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Figure 4-12: Experimental setup for the measurement of an optogalvanic spectrum of neon
as the wavelength of the laser irradiating the discharge volume in the hollow cathode lamp is
tuned.

increase (or decrease) in the lamp current is integrated by choosing an appropriate boxcar gate

(illustrated in figure 4-13) and processed in the same way as the photomultiplier signals. The

atlas of optogalvanic transitions of neon of Ashworth and Brown [110] is extremely useful for

identifying lines in the optogalvanic spectrum of neon.

The optogalvanic neon spectra could in principle be used to calibrate vacuum ultraviolet

laser-induced fluorescence excitation spectra if the fixed resonance wavelength is accurately

known and an optogalvanic spectrum of the tuned dye laser is recorded simultaneously with the

vacuum ultraviolet spectrum, as illustrated in figure 4-14. This was, however, not done routinely

since with only two boxcars available the vacuum ultraviolet power had to be neglected if the

optogalvanic spectrum was recorded and secondly the well known 12C160 and 13C160 lines that

were present in all spectra could be used for accurate calibration, as discussed in section 5.2.
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Figure 4-14: Illustration of a part of the CO A - X (3 - 0) band as well as the optogalvanic
spectrum of neon as recorded for calibration purposes. The two spectra are recorded simulta-
neously as function of the dye laser wavelength as given by the readout of the dye laser that is
tuned. The known wavelengths of the optogalvanic lines of neon can be used to calibrate the
wavelengths of the tuned dye laser. If the fixed resonance wavelength of the other dye laser is
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Chapter 5

Experimental results

The useful and scientifically interesting results that were obtained from the experimental work

presented here are as diverse as the physical processes that are combined in this setup. They

include general experimental results on flow-cooling in the supersonic jet and the laser-induced

fluorescence spectra of CO that were measured under these conditions, the detection of rare

isotopomers of CO as well as results on the formation of CO-noble gas van der Waals molecules

in the setup.

5.1 Flow cooling in the pulsed supersonicjet

Extensive flow cooling of the CO molecules in the supersonic jet was obtained in the experi-

ment, using either argon or neon as carrier gas. The flow-cooling process in the supersonic jet

was investigated, characterised and optimised to yield the desired experimental conditions by

analysing the laser-induced fluorescence spectrum of 12C160.

In the analysis of the measured spectra, it was assumed that the laser-induced fluorescence

excitation spectra represent the absorption spectrum of the molecule well, also in terms of line

intensities. Therefore the relative line intensities I( J', I") of the A III( v' = 3, J') - Xl L;+ (v" =

0, I") rovibronic lines of the laser-induced fluorescence spectra, each corrected for the degen-

eracy of the lower level g(JII) and the Hënl-London factor of the transition SJ'J" according to
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the relation

N(v" = 0, J") cx [(J', J")g(J")
SJ/Jil

(5.1)

present a good measure of the relative populations of the ground state rotational levels from

which they originate [111]. The AlIT - XIL;+ transition of CO is characterised by fj,A = +1

and A" = O. Substituting these values into the Hënl-London factors taken from Herzberg [35,

p. 208], and using g(J") = 2J" + 1 the expressions for the populations of the R, Q and P

branches become

NR(v"

NQ(v"

NP(v"

OJ") 4 [R(J', J")(2J" + 1)
,cx (J"+2)

0, J") cx 4[Q (J', J")
OJ") 4 [P(J', J")(2J" + 1)
,cx (J" - 1)

(5.2)

Under conditions of thermal equilibrium, these relative populations of the rotational levels

are related by the Boltzmann relation

defining the rotational temperature Trot of the ensemble of molecules. The energy differences

E Jl' - E Jil=0 between the rotational levels of the X IL;+ (v" = 0) ground state were calculated

for 12C160 using the molecular constants of the 12C160 Xl L;+ state published by Herzberg

[35, p. 522], and for the other isotopomers by correcting these constants for the difference in

reduced mass according to the relations describing the isotope effect [35, p. 141-145]. The

rotational temperature was obtained by plotting the natural logarithm of NJII /(2J" + 1) versus

EJII - EJII=o (this type of graph will be called a "Boltzmann plot" in the text following). The

gradient of the least squares fit through the data points on such a plot is equal to -1\kTrot,

from which Trot was determined. In the case of a rotational thermal equilibrium among the

v" = 0, J" manifold the plot is a straight line.

The "typical Boltzmann" plot of a large number of rotational lines from the A IIT(v'

3) - Xl L;+( v" = 0) band of 12C160, as illustrated in figure 5-1, clearly deviates from a straight
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line. The populations in the higher rotational levels are in excess compared to the populations

expected in these levels when extrapolating the Boltzmann distribution of the lowest few rota-

tional levels. In spite of the fact that strictly speaking no true rotational temperature can be

assigned to this non-equilibrium system, it is convenient to assign an estimated experimental

rotational temperature even in this case, for the sake of comparing the extent of cooling of differ-

ent spectra. The experimental rotational temperatures that are referred to in this document are

obtained by doing a least squares fit through the data points of the Boltzmann plot belonging

to the lowest few rotational levels (as done elsewhere in literature [85]). Usually the data points

of lines with I" = 0 - 4, or as many of these as available, have been used in the temperature

calculation. At very low temperatures the I" = 3 and 4 line intensities are often too low to

yield accurate populations and are then neglected. Even this selection influenced the rotational

temperature obtained as illustrated in figure 5-2, showing the general trend that omission of

the data with the highest I" yields a temperature that is lower by about 2 K. Therefore only

temperature values calculated from data with the same I" values can be compared.

An additional factor that has to be considered when calculating temperatures is that the

56

Stellenbosch University http://scholar.sun.ac.za



16
15
14

~ 13~ 12~
Q) 11.....
:::l 10iii..... 9Q)
c. 8
E

72
ëii 6
c: 5
0
;; 4ro
ë 3
0::: 2

1
0
0.0

J" values used in
temperature determination

0,1
. ' ,
'. ..... 0,1,2,3

'. 97 t
:':,""" s l' z.a 1
! ""'" l2
3.9 t:~···············I··················I3 5

2.4 ...
2.0 1.8

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

Stagnation pressure (bar)

Figure 5-3: Rotational temperature as function of stagnation pressure for a mixture of 0.5 %
CO in Ne.

fluorescence of the strongest 12C160 lines easily saturates the photomultiplier tube. The onset

of saturation could not be seen from the line profiles except for a broadening of the spectral

lines, but it influenced the peak heights yielding false (usually too high) temperatures. The ab-

solute CO concentration at which saturation occurred differed for different stagnation pressures,

occurring at lower CO concentrations when the stagnation pressure was higher and therefore

the temperature lower and the low-J" transitions very strong. In the experiments, care had

been taken to avoid saturation in spectra from which temperatures were determined.

The rotational cooling of the CO molecules in the supersonic jet was controlled by varying

the stagnation pressure, the percentage CO in the gas mixture and the carrier gas species.

The effect of the stagnation pressure, illustrated in figure 5-3, is a decreasing rotational

temperature in the jet with increasing stagnation pressure. In the plot of the temperatures

calculated using only the J" = 0, 1 data, a decrease in the rotational temperature with every

increase in stagnation pressure can be seen up to 4 bar. In the plots where higher J" data were

included in the temperature calculation, the same trend can be seen up to about 2 bar, but a

further temperature decrease for stagnation pressures higher than 2 bar is not clearly observable.

It is obscured by the effect of the non-equilibrium rotational population distribution: the excess
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populations in the higher Jil levels have an increasing influence on the modeled experimental

temperature the lower the actual temperature is.

The percentage COl in the expanding gas mixture has been found to influence the rotational

temperature reached in the jet. The results illustrated in figure 5-4 for two different stagnation

pressures shows a trend that the rotational temperature in the jet increases with an increasing

percentage CO in the gas mixture. The maximum percentage CO of which the experimental

rotational temperature could be obtained with reasonable accuracy was limited by the onset of

saturation of the strongest CO lines.

The third parameter that could be used to control the extent of flow cooling of the CO

molecules in the jet is the choice of the carrier gas species. For 12Cl60 significantly lower rota-

tional temperatures were observed when using neon as carrier gas: the rotational temperature

of the 12Cl60 molecules with neon as carrier gas was on average about 7 - 10 K lower than in

an argon expansion at 3 - 4 bar stagnation pressure. This effect was smaller for the heavier

CO isotopomers, as illustrated in figure 5-5. The relative temperatures of the different CO

isotopomers flow-cooled in neon and argon are discussed further in section 6.l.

Important results on the temporal characteristics of the pulsed jet were obtained from the

so-called delay scans described in section 4.2. A delay scan shows the temporal development

of the fluorescence signal of a single rovibronic transition over the period of the gas pulse. It

contains not only information on the temporal changes in the gas density as the valve opens and

closes, but also on the changes in the rotational temperature of the CO over the period of the

gas pulse. If delay scans are measured at a series of CO rovibronic lines (for example the Q(l),

Q(2), Q(3), Q(4) lines of the 12C160 isotopomer) the average temperature profile of the gas

pulse can be calculated in the usual manner for each data point on the delay scan. Figure 5-6

illustrates the typical results of a set of delay scans. Figure 5-6 (a) shows the development of

the fluorescence signals of four Q lines of 12C160 and figure 5-6 (b) the rotational temperatures

calculated from these fluorescence signals at 0.1 ms time intervals. The rotational temperature

is found to decrease rapidly as the expansion develops and reaches its minimum value about

0.3 - 0.4 ms after the valve started to open. The temperature gradually increases again towards

1The percentage CO was based on partial pressures at room temperature: percentage CO = (partial CO
pressure) / (total stagnation pressure)
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lines show in the upper graph - Q(l), Q(2), Q(3) and Q(4) - were used to determine the
rotational temperature profile plotted in the lower graph.
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The difference between the delay scan profiles of the relatively "hot" P(7) line - showing high
intensity in the hot background gas after the gas pulse has passed - and the "cold" R(O) line
- showing maximum fluorescence in the flow-cooled gas pulse - facilitated the identification of
the lines.

the end of the gas pulse. The gradual increase in the rotational temperature during the gas pulse

is generally considered to be caused by an increase in the background pressure in the vacuum

chamber on that time scale. For most experiments, where low temperatures and minimal

disturbance in the jet were the desired conditions, the delay was chosen to work at that point

in the beginning of the gas pulse where the rotational temperature reaches its minimum value.

Under some experimental conditions, the delay scans showed disturbance of the rotational level

populations during the gas pulse, as will be discussed in section 5.4.

Delay scans could be used as a valuable diagnostic tool, simply by distinguishing between

"cold" and "hot" spectral features. "Cold" spectral features have larger intensities in the flow-

cooled jet than in the background gas and "hot" spectral features have larger intensities in the

room temperature background gas filling the sample volume after the pulsed valve has closed

again than in the cooled gas pulse. Figure 5-7 shows delay scans over two weak spectral features

near 144.84 nm that helped in identifying these features as the "cold" R(O) line of 12C170 and

the relatively "hot" neighbouring P(7) line of 12C160.
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Figure 5-8: Compilation of two experimental spectra of the A(v' = 3) - X(v" = 0) band
of 12C160 at two different rotational temperatures, ca. 10 K and 100 K respectively, in a
supersonic jet. Note that the relatively large noise seen in the background spectrum of the top
spectrum is not typical.

By using the experimentally determined rotational temperatures and the delay scan method,

the experimental conditions in the free supersonic jet were characterised and optimised. Exper-

imental conditions using a stagnation pressure of 3 - 4 bar, a gas mixture of 0.5-1 % CO in the

carrier gas, an orifice diameter of 0.8 mm and nozzle-to-laser distance of 20 or 30 mm yielded

flow-cooling to temperatures of a few Kelvin for the recording of low temperature laser-induced

fluorescence spectra.

5.2 Laser-induced fluorescence excitation spectrum of flow-cooled

co
Rotationally resolved spectra of the A(v' = 3) - X(v" = 0) band of 12C160 at low rotational

temperatures, from room temperature down to a few kelvin, were obtained by laser-induced

fluorescence excitation spectroscopy of a natural CO sample in the supersonic jet. Two such

spectra measured at different temperature conditions are illustrated in figure 5-8. The low noise
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level of the spectra and characteristic (non-equilibrium) population distribution over rotational

levels in the flow-cooled gas (as mentioned in the previous section) allowed the detection of the

rotational lines of 12C160 up to J" = 19 in the R branch, J" = 15 in the Q branch and J" = 12

in the P branch even at rotational temperatures as low as ca. 10 K. The only rotational lines

in this range that could not be resolved are the R(4 ~ I" ~ 9) lines, due to overlap with the

stronger R(J" = 0 - 3) and Q(J" = 1 - 3) lines.

Excellent signal to noise ratios were obtained for the strong 12C160 lines, often in excess

of 100 and up to 500 for the I" ~ 1 lines. The peak heights of the lines are dependent on the

vacuum ultraviolet intensity, the partial CO pressure in the jet, as well as on the temperature

that determines the population of individual levels. Low temperature was clearly observed to

enhance the peak height of the J" ~ 1 lines with the effect that a very low detection limit for

12C160 was achieved, easily 50 parts per million. The lowest concentration of any of the CO

isotopomers in the gas mixture that could still be detected by its R(O) line in this experimental

setup was estimated to be about 3 parts per million for 12C170.

The second-most dominant feature of the spectra was the A(v' = 3) - X(v" = 0) band

of the 13C160 isotopomer shifted by 85.4 cm-1 towards the longer wavelengths relative to the

12C160 band (see figure 5-9). Of the 13C160 band the lines of the R branch up to J" = 3, the

Q branch up to J" = 5 and the P branch up to J" = 2 could be detected clearly.

The 12C160 and 13C160 spectral lines were used as standard lines for the calibration of

the experimental spectra. The non-equilibrium population of the higher J" rotational levels

had the advantage that a large number of 12C160 lines, distributed over the whole wavelength

range that was investigated, were available to use for calibration of the spectra. To improve

the accuracy of the calibration towards longer wavelengths, where the 12C160 lines are more

widely spaced, the lines of 13C160 were also used as standard lines. The wavelength data of

12C160 and 13C160 published by Morton and Noreau [11J and Tilford and Simmons [36Jwere

used. When the wavelengths of the A( v' = 3) - X (v" = 0) band of 12C160 published by

Tilford and Simmons are compared to those published by Morton and Noreau the wavelengths

of Tilford and Simmons are shifted by 4.5 x 10-4 nm on average. For calibration of our spectra

the wavelengths of Morton and Noreau (which include the 13C160 transitions) were used as

standards as far as possible. For the higher rotational lines of 12C160, not given by Morton and
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Table 5.1: Experimental wavelength data of 12C170 and 12C180.

A(v' = 3) - X(v" = 0) Experimental x Signal to noise Line width
Transition (nm) ratio (nm)

12C180

R(I) 144.9249 ± (2 x 10-4) 20 ...
R(O) 144.9295 ± (2 x 10-4) 60 4 X 10-4

Q(I) 144.9373 ± (2 x 10-4) 19 4 x 10-4

Q(2) 144.9404 ± (2 x 10-4) 3 6 X 10-4

12C170

R(3) 144.8283 ± (4 x 10-4) cvl ...
R(4) 144.8297± (4 x 10-4) cvl ...
R(O) 144.8375 ± (2 x 10-4) 20 5 X 10-4

Q(I) 144.8453 ± (2 x 10-4) 7 5 X 10-4
Q(2) 144.8484 ± (4 x 10-4) cvl ...
Q(3) 144.8532 ± (4 x 10-4) cvl ...

Note - The R(I) line of 12C170 and the R(2) line of 12C180 were not detected due to overlap
with the stronger P(7) line of 12C160 and the Q(I) line of 13C160 respectively.

Noreau, the wavelengths of Tilford and Simmons were used after correction for the apparent

shift.

Additional to the already well-studied 12C160 and 13C160 rotational lines, the spectra

yielded spectral data on the naturally rare isotopomers 12C180 and 12C170 as discussed in

more detail in the following section.

5.3 Detection of rare isotopomers of CO

Six individual rotational lines of the A(v' = 3) - X(v" = 0) vibronic band of 12C170, as well

as four lines of the 12C180 band were detected. A typical spectrum containing these lines is

illustrated in figure 5-9. In table 5.1 the wavelength data obtained from these measurements are
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trum of the A(v' = 3) - X(v" = 0) band of four CO isotopomers. The enlarged inserts show
the observable 12C180 and 12C170 lines.
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Table 5.2: Calculated and experimental values of the vibrational isotopic shift of 13C160, 12C180
and 12C170.

Isotopomer Calculated value (cm-I) Experimental value (em-I)

12C170 48.3 48.7 ± 0.2
13C160 84.7 85.4 ± 0.2
12C180 91.9 92.6 ± 0.2

Note - The vibrational isotopic shift is the energy difference in wavenumbers
between the band origin of the CO isotopomer and that of 12C160.

summarised. In general it was possible to detect the Q( Jil) and R( Jil) transitions that originate

from rotational levels with Jil ~ 3; the Jil = 0, 1 transitions with good signal to noise ratio

due to the low temperature. The temperature associated with the line intensity ratios of these

lines is ca. 4 ± 1K. The R(l) line of 12C170 and the R(2) line of 12C180 were not detected due

to overlap with the stronger P(7) line of 12C160 and the Q(l) line of 13C160 respectively. The

R(O) and R(l) lines of 12C180 overlap with the Q(3) and Q(2) lines of 13C160 respectively, but

their wavelengths could be obtained from the spectrum. The R(l) line of 12C180 and Q(2) line

of 13C160 are of the same intensity and were therefore resolved in the spectrum, whereas the

intensity of the R(l) line of 12C180 is so much larger than that of the Q(3) line of 13C160 at the

low temperature that the contribution of Q(3) to the spectral feature could be neglected. The

hyperfine splitting of the 12C170 lines [112] is not observable in the spectra since the splitting

is much smaller than the experimental line widths of the rovibronic transitions.

The spectral lines of the 13C160, 12C180 and 12C170 isotopomers were positively identified

and assigned by comparing the experimental wavelength positions of these lines with calcu-

lations of the isotopic shift using the equations from Herzberg [35, p. 141]. The agreement

between the calculated and experimental values of the vibrational isotope shifts of 13C160,

12C180 and 12C170, as given in table 5.2, verified the assignment of the isotopomeric spectra.

The data of four different spectra, all similar to that of figure 5-9, and each containing

the observable lines of both 12C170 and 12C180, were combined to obtain the experimental

wavelengths data in table 5.1. The wavelength scales of these spectra were calibrated using the
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wavelength data of 12C160 and 13C160 published by Morton and Noreau [11] and Tilford and

Simmons [36] as discussed in the previous section. The bandwidth of the vacuum ultraviolet

radiation is the physical factor determining the line widths and therefore the precision of the

measured wavelengths. The errors to the wavelength values indicated in table 5.1 are equal to

the average standard deviation of the least squares calibration fits on the four spectra, with the

exception of the weakest lines where the uncertainty was estimated to be larger.

It was not attempted in this experiment to observe lines of the 13C170 and 13C180 iso-

topomers. The possibility to do such measurements is discussed in section 7.2.

5.4 Evidence for condensation in the flow-cooled gas mixture

The experimental investigation regarding CO van der Waals complexes was aimed at the de-

tection of the electronic excitation spectrum of CO-Ar (or CO-Ne) complexes when exciting

an A( v' = 3, J') - X (v" = 0, I") transition of the CO component of the complex (also see

discussion in section 2.4). The first crucial step towards the detection of the spectral features

of the complex is to obtain and optimise the experimental conditions in the supersonic jet in

order to obtain extensive formation of CO van der Waals complexes. To do this optimisation,

a (semi- )quantitative measure of the concentrations of van der Waals complexes present in the

jet is necessary. Since the spectral features of these complexes were not readily detectable, an

indirect measure of the extent of complex formation had to be used.

The optimal conditions for the formation of CO van der Waals complexes in our experimental

setup were investigated using indirect detection methods that made use of the readily detectable

CO monomer signals and provided semi-quantitative evidence for the formation of CO van der

Waals complexes in the jet. The methods involved the assumption that, under the condition that

the CO number density in the sample volume is the limiting quantity determining the intensity

of the fluorescence (i.e. with low percentage CO in the gas mixture), extensive formation of

CO van der Waals complexes will lead to a decrease in the CO monomer population in the jet

and therefore to a decrease in the CO monomer fluorescence signal.

The observation that is considered most direct evidence for extensive complex formation

is the strong overall decrease in the 12C160 fluorescence signal observed in a neon jet at high
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Figure 5-10: Fluorescence signals of the R(J" = 0 - 4) lines of 12C160 as a function of the
stagnation pressure. The experimental measurements were done in a gas mixture of 1 % CO
in neon. Note the dramatic decrease in all signals at pressures higher than 2 bar. The calcu-
lated values reflect the signal vs. stagnation pressure curve that would be expected from the
experimentally determined rotational temperature at each stagnation pressure.

stagnation pressure with a low percentage CO in the gas mixture. The experiment of which

the results are illustrated by figure 5-10 involved a series of spectra of the R(J" = 0 - 4) lines

of 12C160 with a gas mixture of 1 % CO in neon. The stagnation pressure was decreased step-

wise from 4 bar to 0.5 bar, recording a spectrum at each stagnation pressure. It was observed

in a reproducible manner that the overall intensity of the CO spectrum increased by about

an order of magnitude as the stagnation pressure was decreased from 4 bar to 2 bar. In the

curves plotted in figure 5-10 the discontinuous decrease occurs in a pressure range between 3

and 2 bar already; in other similar experiments it took place in a pressure range slightly higher

than 3 bar. The discontinuity in the signal intensity could not be explained by a change in

the vacuum ultraviolet intensity or by a temperature related effect. In the series of scans, the

temperature increases gradually with decreasing stagnation pressure in spite of the discontinuity

in the overall intensities. No other artificial cause for the observation could be established.

The second interesting but more speculative evidence for condensation in the supersonic

jet is the observation of a "dip" in the delay scan under certain conditions. The dip in the
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Figure 5-12: Qualitative illustration of the change of the depth of the observed dip in the delay
scans as the stagnation pressure is increased by the addition of argon gas. The partial CO
pressure in the gas mixture is constant at 20 mbar.

delay scan was most pronounced when expanding pure CO from a low stagnation pressure.

Figure 5-11 illustrates an example of a delay scan with a pronounced dip. (Compare it with

the profile in figure 5-6.) The fluorescence signals of all lines show a significant dip at about

0.7 - 0.9 ms after the valve started to open (at delay values of 2.7 - 2.9 ms in figure 5-11). In

the temporal region of the dip, the calculated rotational temperature values are higher, as well

as large uncertainties. This clearly indicates disturbance in the equilibrium conditions in the

jet. The same type of dip was observed under different experimental conditions of stagnation

pressure and percentage CO in the jet, given that the fluorescence line that was observed did

not show saturation. Saturation of the sensitive detection system, yielding in the delay scans

a flat topped profile and the loss of detail, occurred easily when observing a low rotational line

(such as the R(O) line).

The occurrence of the dip under different conditions of stagnation pressures and gas mixtures

was investigated systematically in an attempt to identify the cause of the dip. If a constant CO

partial pressure of 20 mbar was used but the total stagnation pressure was increased by adding

more argon to the expansion mixture, the dip showed interesting behaviour as illustrated in

figure 5-12. It showed a local maximum value when 20 mbar pure CO was expanded. As argon
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is added to increase the stagnation pressure, the dip depth (measured relative to the maximum

signal height) decreases until the dip vanishes completely at about 600 mbar stagnation pressure.

As the stagnation pressure is increased beyond 1 bar, a dip becomes observable again, remaining

observable up to the maximum applied pressure of 7 bar.

The response of the "low pressure dip" at 200 mbar stagnation pressure and the "high

pressure dip" respectively to the percentage CO in the gas mixture at 4 bar stagnation pressure

was subsequently investigated. In this experiment the stagnation pressure was constant but

the Ar-CO ratio in the gas mixture and therefore the partial CO pressure was adjusted. The

results illustrated in figure 5-13 show that the dips at the two different stagnation pressure

ranges did respond slightly differently to a change in the partial CO pressure in the mixture.

The "low pressure dip" increased in depth as the CO pressure was increased whereas the "high

pressure dip" decreased slightly in depth. Note that the data plotted in figures 5-12 and 5-13 are

qualitative of nature since the quantities "dip depth" and "peak height" cannot be determined

in a rigorous way. The "peak height" should actually be the maximum height that the signal

would have in the absence of a dip, but since this cannot be determined, the signal height at

the highest point in the delay scan, usually the peak at the beginning of the gas pulse before

10
Partial CO pressure (mbar)
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the dip, is used. The "dip depth" values are obtained by subtracting the signal height at the

lowest point in the dip from this "peak height" value.

Although these results suggest rather than prove the formation of CO-containing van der

Waals complexes in the supersonic jet, they strongly indicate that some form of condensation

does occur in the sample. The dip in the delay scans suggested that the optimal timing when

searching for signals from the condensation products is 0.5 - 0.9 ms after the valve started

opening. The conditions under which evidence of condensation was observed in our experiments,

as well as the optimum conditions reported in literature for the formation of CO-Ar complexes

in a supersonic jet were considered in choosing the conditions to be used in searching for the

electronic excitation spectrum of CO-Ar.

5.5 Search for the electronic excitation spectrum of CO-Ar

Extensive spectra were recorded in search of features of the electronic excitation spectrum of

CO-Ar or CO-Ne van der Waals complexes. The spectra were taken under conditions that are

very similar to the optimal conditions for formation of the CO-Ar complex reported in literature

(as compared in section 6.3): stagnation pressure of 3 - 4 bar, gas mixture containing 25 - 30

% CO, nozzle orifice diameter of 0.8 mm, nozzle to laser source of 20 mm, 1 Hz repetition rate.

Spectra were recorded over a large wavelength region around the A III( v' = 3) - Xl L:+ (v" = 0)

band of 12C160 using argon and neon as carrier gas in respective scans. The spectral ranges

that were investigated are given in table 5.3. The laser was timed to probe the gas pulse ca.

0.5 - 0.6 ms after the valve started opening, as suggested by the dip observed in the delay scans.

Typical spectra measured in this spectral range are illustrated by the examples in figure 5-14.

No distinct reproducible spectral features apart from those of the isotopomers of CO could be

detected. The background signal showed some broad features, but repeated scans showed that

this slow variation of the background signal was not reproducible. The slow variation appears

to be an artifact of the data acquisition system - probably due to the drift of the boxcar output

signal.

The laser-induced fluorescence excitation spectra were found to have a good detection limit

for fluorescing species producing distinct narrow fluorescent lines. For comparison, a few lines
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Table 5.3: Spectral ranges investigated for spectral features of CO van der Waals complexes.

Gas mixture Range in nm Range in cm"! Range in cm "! relative
to 12C160 band head

25 % CO in argon 144.61 - 145.09 68922.4 - 69151.8 -167 - +62.2
25 % CO in neon 144.61 - 145.05 68942.9 - 69151.8 -146 - +62.2

of 12C170 are show in figure 5-14. From the intensity of the 12C17 0 lines and the natural

abundance of 170 in nature (4.22 x 10-4 % - see table 2.1) the detection limit of the system

for fluorescing species could be estimated. It was found to be about 3 parts per milliorr'. With

this detection limit, the detection system should be sufficiently sensitive for the detection of

small populations of CO van der Waals complexes in a supersonic jet if the complexes have

fluorescence lines of the same nature in this region. However, if the fluorescence of the complex

is quenched by alternative relaxation channels or if the excitation lines of the complexes would

be significantly broadened by a factor of 5 or more, these broadened lines will vanish in the

fluctuation of the background signal. This will be discussed in more detail in section 6.3.

2A detection limit of 3 parts per million in this setup is equal to a partial pressure of 0.012 mbar of the
particular species in 4 bar of stagnant gas prior to expansion.
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Figure 5-14: Examples of the results of scans over regions (b) blue and (c) red from the 12C160
band, i.e. regions free of CO monomer bands but where spectral features of CO-Ar could be
expected. No spectral features were observed. For comparison of the vertical scale, a scan over
the 12C170 lines is shown in (a).
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Chapter 6

Discussion

The experimental results on the band structure of the A1IT(v' = 3) - X1L;+(v" = 0) band of

CO, that were obtained in the present experiment, correspond well to general theory of diatomic

molecules [35]. R, Q and P branches were observed, with the P branch of lower intensity than

the R branch, as expected from the Hënl- London factors for a 1IT_1 L; transition with b.A = +1

[35, p. 207]. The theoretical prediction that the Q branch should have approximately double

the intensity of the other branches is not observed in our experimental spectra where the Q

and R branches have similar intensities.

The A1IT(v' = 3) - X1L;+(v" = 0) band was chosen for its scientific relevance, as well as

technical considerations. The AlIT - Xl L;+ transition is a dominant and well-studied spec-

tral system of 12C160 of which the A1IT(v') - X1L;+(v" = 0) progression in particular has

astrophysical relevance [11]. The need for laboratory wavelengths of these lines for the in-

terpretation of astrophysical observations served as a strong motivation for investigating the

A 1IT(v') - Xl L;+ (v" = 0) progression in search of the rarer isotopomer lines. In this progression

the A1IT(v' = 3) - X1L;+(v" = 0) band is a strong, less perturbed band [14] lying in a suitable

vacuum ultraviolet region in which the vacuum ultraviolet source employed in this experiment

has high efficiency [97].

The experiment clearly demonstrated the advantages of combining our source of narrow

bandwidth vacuum ultraviolet radiation and a pulsed free supersonic jet for high-resolution

molecular spectroscopy with a high sensitivity for detection of trace species. The vacuum ul-

traviolet radiation is generated as a well collimated beam, which is ideal for probing only the
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central part of the free supersonic jet, where optimal low temperature collision-free conditions

and a relatively high gas density are found. The narrow bandwidth of the tunable vacuum ultra-

violet radiation facilitates high spectral resolution that is essential to the analysis of molecular

spectra, particularly of overlapping bands of different isotopomers. This high spectral reso-

lution is well matched with the practically collision-free conditions in the jet that circumvent

pressure broadening of the molecular spectral lines. The sensitivity of the method to detect

trace amounts of molecular species is advanced by both the relatively high peak photon flux

of the vacuum ultraviolet pulses, compared with alternative sources such as a D2 lamp, and

the relatively high gas density in the jet. The flow-cooling in the jet further contributes to

the detection limit by enhancing the absolute intensities of the low rotational lines of trace

isotopomeric species.

Individual rovibrationallines of the Al II( Vi = 3) - Xl I:+(v" = 0) band of the isotopomers

12e16o, 13e16o, 12el8o and 12el7o were observed, illustrating the large intensity range of

the measurements. The spectral data of 12e170 presented here are to my knowledge the first

rotationally resolved laboratory measurement reported on the A III - Xl I:+ band system of

this isotopomer. The relevance of these newly measured 12el7o transition wavelengths to the

interpretation of astrophysical data is discussed in section 6.2.

The two other topics that have emerged in the experimental work are the flow-cooling of

different isotopomers of CO in a noble gas jet discussed in section 6.1 and the possibilities on

the formation and detection of eO-Ar/eO-Ne van der Waals complexes in our experiment in

section 6.3.

6.1 Flow-cooling of CO isotopomers seeded into a pulsed su-

personic noble gas jet

The relative populations of the rotational levels of 12e16o as determined from the peak intensi-

ties in the spectra provide a measure of the rotational temperature of the molecules in the jet,

as described in section 5.1, but they also exhibit the unique characteristics of the flow-cooling

process.

The assumption made throughout the experiment, that the fluorescence excitation spectra
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Figure 6-1: Experimental population distribution of the rotational levels of the A( v' = 3) -
X(v" = 0) band of 12e16o (dots) compared to the Boltzmann distribution expected under
equilibrium conditions (dashed line). When fitting the Boltzmann equation to the lowest few
rotational levels, the populations observed in the higher rotational levels are much larger than
expected from the Boltzmann distribution.

can be considered identical to the corresponding absorption spectra, is based on a number

of experimental considerations, as discussed by Demtrëder [106, p. 386J. Firstly the total

spectral range investigated in the present experiment covers only about 200 cm-1over which

the quantum efficiency of the photomultiplier tube can be taken as constant. Secondly the

fluorescence lifetimes of the rotational levels in the A1IT(v' = 3) band are similar, ensuring that

the geometrical collection efficiency should be the same for all measured lines. Thirdly the

fluorescence quantum yield of the A1IT(v' = 3) band of CO under the practically collision-free

conditions in the supersonic expansion can considered to be approximately equal to 1.

In our spectra the population distribution over the rotational levels deviates from the Boltz-

mann distribution expected under equilibrium conditions. As clearly illustrated in figure 6-1 the

populations of the higher I" levels are significantly larger than expected from the Boltzmann

distribution (see also figure 5-1 and the discussion in section 5.1). The excessive population

in the high I" levels as observed in our spectra confirms the observations of Smalley et al. in

spectroscopic investigations ofh in He [113Jand N02 in Ar [91J and of Kukolich et al. in a pure

oes gas expansion [114J. Both groups reported the population in the higher rotational levels to
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Figure 6-2: Linearised plot of the rotational temperature (calculated from J" = 0,1 data)
versus stagnation pressure Po for a mixture of 0.5 % CO in Ne. The gradient of the line fitted
through the data points taken at the three lowest stagnation pressures is 0.74.

be in excess to the population expected when extrapolating the Boltzmann distribution of the

lowest few rotational levels, as illustrated in figure 6-l. This observation indicates that the rate

of translation-rotation relaxation is the largest for the lowest rotational states and decreases as

the value of J" increases. The deviation of the populations of the rotational states from the

Botzmann distribution also indicates that the rotation-rotation relaxation rates are relatively

slow under the conditions of the supersonic jet, so that complete relaxation to an equilibrium

population distribution has not taken place at the point of observation in the jet.

These results - showing that the system has not come to a state of thermal equilibrium in

the rotational degrees of freedom - mean that, strictly speaking, no true rotational temperature

can be assigned to the system. The experimental rotational temperatures used in the present

work were assigned using a specific set of rovibrationallines as discussed in section 5.1, to the

example of Smalley et al. [85J. These experimental rotational temperature values must be

considered relative measures of the degree of cooling, useful for comparison of conditions in the

jet, but not as absolute temperatures in a rigorous sense.

The dependence of the rotational temperature on the stagnation pressure yielded further

qualitative indications of the relaxation rates under different conditions. In figure 6-2 the
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relation between the experimentally determined rotational temperatures in the jet Trot and the

stagnation pressure Po for a gas mixture of 0.5 % CO in neon (the same data as shown in

figure 5-3) is plotted in a logarithmic form that can easily be compared with the theoretical

equation 3.4 (p. 22) describing the relation between the terminal translational temperature

Ttr in the jet and the stagnation pressure. A logarithmic plot of equation 3.4 - In(To/Ttr - 1)

versus In(PoD), where To is the temperature in the stagnant gas and D the orifice diameter, is

a straight line with gradient of 0.8. The experimental plot cannot be expected to correspond

exactly with equation 3.4 that holds for the terminal translational temperature. Firstly the

thermal equilibrium in the jet is not complete causing the rotational cooling to lag behind

the translational cooling and therefore the measured rotational temperature is not an absolute

measure of the terminal translational temperature. Secondly the theoretical equation holds for

a pure noble gas expansion whereas our measurements are taken with a gas mixture. However,

the plot of the natural logarithms of To/Trot - 1 versus PoD as illustrated in figure 6-2 is linear

in the low stagnation pressure region, deviating at higher stagnation pressures. The smaller

gradient of 0.74 of the linear fit through the low pressure data of figure 6-2 is indicative of

a decrease in the value of'Y as more degrees of freedom (the rotational degrees of freedom)

are taken into account. The deviation of the plot from linearity at suggests the incomplete

relaxation of the rotational degrees of freedom.

A second trend that was observed was an increase in the lowest temperature reached in

the jet when the percentage CO in the gas mixture is increased. This is understood in terms

of the fact that CO molecules, in contrast to argon atoms, store additional thermal energy in

rotational and vibrational degrees of freedom that needs to be dissipated, retarding the cooling

process. Seen in another way, the addition of a significant fraction of CO to the expanding

gas changes the ratio of specific heats, 'Y, of the gas mixture to a lower value than for argon

(see the 'Yvalues in table 3.1, page 21) and therefore changes the relation between the terminal

temperature and the stagnation pressure as expressed theoretically in equation 3.4.

As discussed in section 3.1 and illustrated in figure 3-1 neon and argon are the two noble

gases that should be the most efficient for collisional cooling of CO isotopomers according to

simple momentum conservation considerations. Our results offer a comparison of the flow-

cooling efficiency of the different CO isotopomers in Ar and in Ne as carrier gases. The trends
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Figure 6-3: Illustration of the efficiency of momentum transfer in collisions between different
CO isotopomers and argon or neon atoms, as relevant to the flow-cooling process. The curve
was obtained by calculating the percentage of momentum transferred from the CO molecule to
an initially stationary noble gas atom during an elastic two-body collision.

observed for the different isotopomers reflect qualitatively the momentum transfer consideration

mentioned at the end of section 3.1. Assuming that the cooling of the rotational degrees of

freedom of a CO isotopomer in a noble gas jet is caused (via translational-rotational relaxation)

mainly by two-body collisions with the noble gas atoms and that the collision cross sections

for collisions of different CO isotopomers with the atoms of a specific noble gas are similar

(a reasonable assumption for isotopomers), then the momentum transfer in such a two-body

collision depends on the mass ratio Mea / Mnoble gas which differs for the different isotopomers.

This effect is illustrated in figure 6-31. From the calculated values in this illustration it

can be seen that in an Ar expansion 12C160 should be cooled less efficiently than the heavier

CO isotopomers. In a Ne expansion the opposite should hold. 12C160 should be cooled more

efficiently in Ne than in Ar and opposite for the heavier isotopomers, although this statement

relies on the rough estimate that the collisional cross section with different noble gas atoms

are the same. In our experimental results, as illustrated in figure 5-5, page 60, the following

1Again the model used is a simple "billiard-ball" model considering head-on collisions. The results are to be
taken as a qualitative illustration only.
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trends can be observed. 12C160 is cooled to a lower rotational temperature in Ne than in an Ar

expansion as expected from the momentum considerations. In an Ar expansion it is observed

that the heavier the isotopomer, the lower the rotational temperature that it reaches in the

expansion, whereas the results in a Ne expansion suggest a reversal of this trend for the heavier

three isotopomers - also as expected. The 12C160 rotational temperature in the Ne expansion

remains higher than that of 13C160 and 12C170 contrary to what is expected. This might be

due to saturation of the strongest low-J" lines of 12C160 at these low temperatures.

The characteristics of the flow-cooling process in the free supersonic jet had definite advan-

tages in our experimental endeavour to detect rare isotopomers in a natural CO gas sample.

The low rotational temperature facilitated the detection of the spectral lines of the rare 12C170

and 12C180 isotopomers by increasing the intensities of the low rotational lines of these iso-

topomers and decreasing the intensities of the neighbouring higher rotational lines of the more

abundant isotopomers. At the same time, however, the high rotational lines of 12C160 and

13C160 did not vanish completely so that numerous lines were available for wavelength cali-

bration of the spectra. In this way the previously unknown excitation wavelengths of 12C170

could be determined accurately.

A last consideration mentioned in the literature regarding the use of supersonic expansion in

spectroscopy is the warning that line profiles and even line positions measured in supersonic jets

show anomalies due to Doppler shifts. However, when the specific conditions in the jet-discharge

experiments where the anomalies were observed [115, 116] are studied, it is evident that those

conditions are not applicable to the present experiment. With laser excitation, unlike discharge

excitation, the probe volume is extremely localised and by eliminating stray light it is possible

to gather fluorescence from the cold and practically parallel flowing core of the expansion only,

thereby minimising the influence of the Doppler effect.

6.2 Astrophysical application of experimental 12C170 and 12C180

wavelength data

The astrophysical importance of the observations of the rare 12C180 and 12C170 isotopomers,

as well as the necessity of accurate laboratory measured wavelength data for these species,
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is evident from the discussion in section 2.3. The first rotationally resolved measurements of

vacuum ultraviolet absorption lines of interstellar 12C170 and 12C180 were recently reported

by Sheffer et al. [4], having observed individual rovibronic lines in the A1IT(v' = 2 - 5) -

X1:E+(v" = 0) bands of 12C180 and 12C170 in spectra measured by the Space Telescope

Imaging Spectrograph aimed toward the star X Persei. When publishing these results in June

2002, spectroscopic data for the v' = 0 - 9 bands of 12C180 as published by Beaty et al. [41]

were at their disposal, but no laboratory measured rest wavelengths for the bands of l2C170

were available. The rest wavelengths are used to calculate the Doppler shift and subsequent

heliocentric velocity of the interstellar gas relative to our solar system. Sheffer et al. [4]

calculated rest wavelengths for 12C170 by applying appropriate isotopomeric corrections to

the Dunham coefficients of 12C160. However, the use of these calculated rest wavelengths for

12C170 resulted in an apparent difference between the heliocentric velocity obtained from the

12C170 data and that obtained from the 12C180 data measured in the same interstellar cloud

region. This raised concerns about the accuracy of the calculated 12C170 rest wavelengths and

left an uncertainty regarding the heliocentric velocity of the interstellar gas cloud.

In the present work, laboratory measured vacuum ultraviolet transition wavelengths of the

A1IT(V' = 3) - X1:E+(v" = 0) band of 12C180 and 12C170, one of the bands detected by

Sheffer et al. [4], were obtained by recording laser-induced fluorescence excitation spectra

in a natural CO gas sample flow-cooled in a supersonic jet. The low temperature in the

supersonic jet and characteristics of the vacuum ultraviolet radiation facilitated the detection

of the rare isotopic species. The band origins of the rare 12C170 and 12C180 isotopomers are

found among higher rotational lines of the more abundant isotopomers 12C160 and 13C160,

as seen in figure 5-9 (page 66). A low rotational temperature enhances the intensities of the

low rotational lines of the heavier isotopomers while reducing the intensities and widths of the

neighbouring higher rotational lines of the more abundant isotopomers that tend to obscure

them at room temperature. The narrow bandwidth and high spectral intensity of the vacuum

ultraviolet radiation contributed to high sensitivity and high spectral resolution that facilitated

the detection of the rare isotopomers' lines.

The low rotational temperature of about 4 ± 1 K of the CO sample in the jet corresponds

roughly to the temperatures in diffuse interstellar clouds [11] allowing the detection of the same
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Table 6.1: Comparison of the rest wavelengths from present experiment and data used by Sheffer
et al. 2002 as well as resulting heliocentric velocities of interstellar CO towards X Persei.

Data of Sheffer et al. [4] Present Experiment

Parameter 12C180 12C170 12C180 12C170

A - X band 3-0 3-0 3-0 3-0
Ao[R(l)] (nm) 144.9248 a 144.8332 b 144.9249 c...
Ao[R(O)] (nm) 144.9294 a 144.8379 b 144.9295 144.8375
Ao[Q(l)] (nm) 144.9371 a 144.8458 b 144.9373 144.8453

Vhelio (kmis) d 15.0 13.5 14.7 ± 0.4 14.4 ± 0.4

a Wavelengths calculated by Sheffer et al. [4] from term values of Beaty et al. [41].
b Wavelengths calculated by Sheffer et al. [4] from 12C160 data by correcting
for the isotopic shift.
c The R(l) line of 12C170 was not detected due to overlap with the stronger P(7) line
of 12C160.

d Heliocentric velocities of the interstellar CO toward X Persei calculated by using
the corresponding AO values.

rotational transitions as observed in the interstellar spectra, generally those originating from

levels with Jil :::; 3. Each spectrum in our work covered the A1IT(v' = 3) - X1L;+(v" = 0)

band of 12C160 and 13C160, as well as 12C180 and 12C170. This allowed accurate calibration

of the wavelengths of the 12C180 and 12C170 lines using the known wavelengths of the lines

of the more abundant isotopomers as standards. A typical spectrum, as illustrated in figure

5-9, shows the 12C180 and 12C170 lines among the 12C160 and 13C160 lines that were used as

well distributed standard lines for the wavelength calibration of the spectrum. The calibrated

wavelengths of the 12C180 and 12C170 lines have already been given in table 5.1 (page 65).

Our experimental wavelength data on the A1IT(v' = 3) - X1L;+(v" = 0) band of 12C180

and 12C170 were applied successfully [117] to resolve the discrepancy in the interpretation of

the spectra of Sheffer et al. [4]. In table 6.1 our experimental wavelength data are compared

to the corresponding rest wavelength data used by Sheffer et al. in their paper [4]. Whereas

the 12C180 wavelengths obtained in the present experiment correspond well (within 0.0001 nm)
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with the values of Beaty et al. [41] as used by Sheffer, a difference of ca. 0.0005 nm exists

between the calculated 12C170 rest wavelengths used by Sheffer et al. [4] and our experimental

wavelengths. The effect of this systematic shift is clearly seen in the heliocentric velocities

calculated using these rest wavelengths. As reported by Sheffer et al. [4] and seen in table 6.1

a discrepancy of 1.5 kru/s is found in the heliocentric velocities calculated for the interstellar

CO when using the rest wavelengths of 12C180 and 12C170 which Sheffer et al. had at their

disposal. It is, however, physically improbable to observe two different Doppler shifts for two

isotopomer spectra measured from the same sample volume in interstellar space. Using our

experimental rest wavelengths the difference in heliocentric velocity calculated from the two

sets of data is reduced to 0.3 km/s, which is smaller that the uncertainty of 0.4 km/s on

the values [ll7]. As anticipated by Sheffer et al. [4], the correction of the systematic shift

in the 12C170 rest wavelength values contributed most to equalise the calculated heliocentric

velocities. The average heliocentric velocity obtained from the data of the present experiment

is 14.5 ± 0.4 km/s which is slightly lower than the 15.0 km/s obtained by Sheffer et al. [4] from

their 12C180 data.

There is definitely a need for more accurate laboratory wavelength data of the A - X bands

of 12C170 that are of astrophysical interest [ll, 4].

6.3 Possibilities regarding the formation and detection of CO-

Ar and CO-Ne van der Waals complexes in this experiment

The conclusive proof for the presence of CO van der Waals complexes in the spectroscopic

sample is the detection of characteristic spectral features associated with such a complex. In

the present experiment it was the detection of fluorescence following the laser excitation of

the CO-Ar (or CO-Ne) complex from its CO(X1L;+,v" = 0,J")-Ar(X1S) ground state to its

CO(A1II,v' = 3,J')-Ar(X1S) excited state. The vibronic bands of the electronic excitation

spectrum of the 12C160-noble gas complex are expected to lie close to the corresponding bands

of the 12C160 monomer in the vacuum ultraviolet region of the spectrum.

The two conditions for the detection of characteristic spectral features of a complex are

(i) that the gas conditions and dynamics in the gas sample (supersonic jet in most cases)
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must result in the formation of a sufficiently large concentration of the complex species in the

sample volume to be detectable and (ii) that the spectroscopic method of detection, with its

fundamental and technical limitations, must be suitable to detect such a concentration of the

specific complex. In the case of CO-Ar complexes, the suitability of a supersonic jet for the

formation and spectroscopic study of this complex has already been demonstrated by numerous

experiments [9, 58, 60, 61]. However, our spectroscopic method - the spectroscopic detection

of the vacuum ultraviolet electronic excitation spectrum of the CO-Ar complex by measuring

laser-induced fluorescence - has to my knowledge never been reported before.

In the present work, where characteristic features of the complex species were not observable

right away, the first task was to establish whether and under which conditions an observable

concentration of CO-Ar was formed in the supersonic jet. Indirect evidence for the occur-

rence of condensation, which should include the formation of simple van der Waals complexes

as first step, were obtained from changes in the laser-induced fluorescence signal of the CO

monomer (referring to 12C160). Two sets of results providing such evidence for the formation

of CO-Ar/CO-Ne and CO-CO have been presented in section 5.4. The basic assumption in

the interpretation of these results is that, in the case where the CO concentration is the factor

limiting the fluorescence signal, significant complex formation will decrease the CO concentra-

tion and therefore the CO fluorescence signal, under conditions where this decrease cannot be

explained by other experimental factors such as the intensity of the excitation radiation or the

temperature.

The first result was the observation of a discontinuous decrease in the total fluorescence

signal of the CO monomer at the highest stagnation pressures in a neon jet, as illustrated

in figure 5-10. The most probable explanation for the observation is that under favourable

conditions in the jet - at high stagnation pressure when the temperature becomes sufficiently

low - the formation of CO van der Waals complexes reaches such an extent that it starts to

deplete the CO concentration. This effect was not observed to such a dramatic extent in an

argon expansion, probably due to a difference in the dynamics and the temperature reached

in the argon jet. In a similar investigation, trying to detect the laser-induced fluorescence

excitation spectrum of h-Ar van der Waals complexes, Smalley et al. [113] interpreted a result

similar to this - a large reduction in the intensity of the uncomplexed molecular bands at the
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highest nozzle pressures - as an indication of substantial complex formation, although no discrete

fluorescence features of the complex could be observed. This supports the interpretation of the

above mentioned results as being caused by the formation of CO-Ne van der Waals complexes.

The second set of results facilitating further interpretation concerns the observation of a dip

in the delay scan profile, as illustrated in figure 5-11. This phenomenon was investigated under

different experimental conditions. The observation that the dip is sensitive to the stagnation

pressure and CO percentage indicates that the dip is not likely to be an artificial effect of

the mechanical operation of the valve. A possible explanation for the dip would be that the

dip is due to partial depletion of the CO monomer population due to complex formation in

that temporal part of the gas pulse where conditions are suitable, i.e. starting some tenths of

milliseconds after the beginning of the gas pulse when the expansion has developed fully and

the cooling is optimal and ending as soon as gas particles rebounding from the chamber walls

begin to interfere with the sample volume.

It can also be speculated that the "low pressure dip" and the "high pressure dip" (refer to

figure 5-12) might have different complex formation processes as dominant cause. The "low

pressure dip" that is observed with a high CO to Ar ratio in the gas mixture is possibly caused

dominantly by the formation of CO-CO complexes. The high CO to Ar ratio would allow a

high rate of three-body collisions involving two CO molecules. The "high pressure dip" that is

observed under conditions of very low temperatures and CO percentages in the mixture would

rather be caused by the formation of CO-Ar complexes. With CO percentages as low as 0.5

% in the gas mixture, the rate of three-body collisions involving one CO molecule and forming

CO-Ar would be much higher than the rate of collisions that could lead to the formation of CO

dimers.

Different condensation processes in the two different pressure regions could qualitatively

explain the difference in the influence of the partial CO pressure in the mixture at constant

stagnation pressure on the dip depth. The number of CO monomers removed by the formation

of CO-Ar should be directly proportional to the CO concentration in the jet. The signal height

used to normalise the "dip depth" is also proportional to the CO concentration, meaning that

the "dip depth relative to the peak height" should not change significantly as the partial CO

pressure is changed. In contrast, the formation rate of CO dimers should be proportional to
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Table 6.2: Optimal experimental conditions for formation of CO-Ar van der Waals complexes.

Reference [58] a [60] b [61] b Present work

Gas mixture (% CO in Ar) 30 40 30 30
Stagnation pressure (bar) 4 5 5 4
Background pressure (mbar) < 10-1 ... 5 X 10-2 5 X 10-6
Gas pulse period C (ms) 0.5 0.5 0.5 2.5
Orifice diameter (mm) 0.5 0.5 0.5 0.8
Nozzle to laser distance (mm) 10 ... ... 20
Estimated temperature (K) ... 5 -10 ... 2 -10

a Gated detection with boxcar.
b Double modulation technique used in detection.
C Solenoidvalve (General Valves,series 9) used in all cases.

the square of the CO concentration and would remove two CO monomers from the sample so

that a plot of "dip depth relative to the peak height" versus partial CO pressure should be a

function increasing quadratically. The depth of the "low pressure dip" is observed to increase

more with the partial CO pressure than the depth of the "high pressure dip", confirming these

speculations in a qualitative sense.

Although a detailed interpretation of these results remains speculative, complex formation

seems to be the most reasonable explanation for the observations.

The above mentioned results, interpreted as semi-quantitative evidence for the formation

of complex formation in the jet, was used to guide the choice of the experimental conditions

employed in our setup in the search for the spectral features of CO van der Waals complexes.

Physical limitations of the apparatus and rules of thumb provided by the theory of a supersonic

expansion (section 3.1)were also taken into account in the optimisation. The optimal conditions

chosen on account of our experimental evidence agreed well with those conditions reported as

successful for the formation and study of CO-Ar van der Waals complexes in literature. In

table 6.2 the conditions used in the present work are compared to the conditions reported

in literature on experimental CO-Ar studies. Hepp and coworkers [58,60, 61] did successful

millimeter-wave spectroscopy on CO-Ar using their supersonic expansion setups. No estimate
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of the relative CO-Ar concentration in the jet is given in these papers, but the reproduced

spectra of the measured CO-Ar lines in [58] have approximately the same signal to noise ratio

as the 12C170 lines they measured by the same method, in spite of the fact that the complex

has a smaller electronic dipole moment than 12C17O. It would therefore be reasonable to assume

that the relative concentration of the complex should be of the same order as that of 12C170 in

natural abundance: about 0.04 % of the concentration of the 12C160, which equals 120 parts per

million or 0.48 mbar in 4 bar of stagnant gas before expansion in their experiment. The small

differences in the experimental parameters used in the present work compared to that of Hepp

et al. [58, 60, 61] are not expected to change (reduce) the formation of complexes significantly.

The longer gas pulse period used in the present work should not influence the probability of

forming van der Waals complexes in the jet. The larger nozzle diameter in the present work

should be of advantage to condensation in the jet according to the theory discussed in section

3.1.

Considering our experimental conditions in comparison with those reported in literature, the

formation of a sufficiently large concentration of van der Waals complexes for detection could

be expected in our setup. On account of our experimental evidence as discussed in section 5.4,

I am of opinion that CO-ArjCO-Ne van der Waals complexes, possibly together with CO-CO,

are formed in our supersonic jet and that the concentration of these species should be high

enough to allow spectroscopic detection.

The question remains why no clearly distinguishable features of the electronic excitation

spectrum of CO-Ar (or CO-Ne or CO-CO) could be observed in the present work, in spite of

the evidence that significant condensation does occur and in spite of a good detection sensitivity,

as demonstrated by the detection of concentrations as low as 3 parts per million of 12C170 in

the natural CO gas sample (equalling a pressure of 0.012 mbar in 4 bar of stagnant gas prior

to expansion). As discussed in section 5.5 laser-induced fluorescence excitation spectra were

recorded over a wide spectral region around the A1IT(v" = 3) - X1I:+(v' = 0) band of 12C160

without finding any distinct reproducible spectral features that could be associated with CO-Ar

or CO-Ne van der Waals complexes. In the choice of the wavelength region to be scanned the

results of preliminary theoretical calculations of Salazar and Hernandez [80] on CO-Ar were

considered and eventually an even larger wavelength region was investigated. The preliminary
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results of Salazar and Hernandez predicted 4 possibly observable bands of the CO-Ar complex

within the range of 60 cm-1 from the band head of the CO monomer band.

It must be kept in mind that these wavelength positions predicted for the complex bands

might not be very accurate. The calculations done up to date [81J were preliminary of nature

and the model that was used involved the assumption that the geometry of the CO-Ar van

der Waals complex of the ground and excited states are identical (see section 2.4). Therefore

it is possible that the spectral features of the CO-Ar or CO-Ne van der Waals complexes are

lying outside the wavelength range that was investigated and were not observed for this reason.

The following discussion, however, is based on the assumption that the investigated wavelength

range did cover some excitation wavelengths of CO-Ar or CO-Ne.

In order to understand the presence or absence of distinct spectral features of the CO-Ar

complex in the laser-induced fluorescence excitation spectra the mechanisms of excitation, as

well as relaxation and dissociation of the complex after excitation have to be known. The exci-

tation and photodissociation dynamics have to my knowledge not been studied for the CO-Ar

complex. However, for the 12-noble gas complexes (in particular 12-Ar) the photodissociation

dynamics on electronic excitation has been studied in detail, by experimental as well as theo-

retical methods. The experimental and theoretical study of the dissociation of 12-Ar, excited to

the 12(B, v')-Ar state, began in 1976 with the work of Smalley et al. [113J and continues to the

present, as reviewed recently by Rohrbacher et al. [118], Burroughs et al. [119J and Roncero et

al. [120J. There are a number of general results from this intensive study on h-Ar that are of

general interest and possibly have relevance for the understanding of the CO-noble gas van der

Waals complexes.

In its electronic ground state van der Waals complexes such as 12-Ar and CO-Ar are stable

under the low temperature conditions in a supersonic expansion. Due to the low temperature,

the average energy of the collisions that the complex is subject to is significantly lower than

the binding energy of the complex (the binding energy of CO(X, v" = a)-Ar is ca. 105 cm "!

[60]). However, electronic excitation of the complex, resulting from electronic excitation of the

molecular component, usually leads to rapid dissociation of the complex.

The study of h-noble gas complexes illustrated firstly that while some van der Waals com-

plexes, such as the T-shaped 12-noble gas complexes, show discrete optical excitation transitions,
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there are van der Waals complexes, such as the linear 12-Ar [121] and CI2-Ar [118] isomers, that

have diffuse continua as excitation spectra. This is attributed to the linear isomer not having

favourable Franck-Condon factors to low-lying vibrational levels of the van der Waals bond in

the excited state and vertical optical excitation consequently ending in highly excited levels or

even the continuum of the upper state [121].

Secondly, even in the case of discrete excitation to a low-lying level in the excited state, the

dissociation lifetimes of the 12-noble gas complexes have been found to be much shorter than the

radiative lifetime of the complex so that, if fluorescence is observed on excitation of the complex,

this fluorescence comes from a fluorescing dissociation product and not from the complex itself

[122]. There have been found to be two dominant competing dissociation mechanisms for 12-Ar:

vibrational predissociation and complex-induced electronic predissociation [120]. Vibrational

predissociation can take place either directly or via intramolecular vibrational redistribution,

as illustrated in figure 6-4 (a) and (b) respectively. In both cases a fluorescent dissociation

product, the molecule PQ in its excited A state, is formed. In the case of direct vibrational

predissociation, the rate of dissociation varies smoothly with the vibrational state v' of PQ( v')

that has originally been excited - the dissociation lifetime decreasing as v' increases. This agrees

with the theoretical "momentum gap" argument of Ewing [123]: that the lifetime of the complex

is proportional to the square root of the excess energy (the energy difference between the 12

molecular stretching vibration quantum and the van der Waals binding energy) that has to be

converted to translational energy of the products during the dissociation. On the other hand the

rate of dissociation via intramolecular vibrational redistribution will vary non-monotonically

with v' due to strong influences of accidental near resonances between energy levels of the

PQ(A, v')-R and the PQ(A, v' - 1)-R states [119]. In the case of 12-Ar the second dissociation

mechanism, complex-induced electronic predissociation (also called electronic quenching), is

understood as a process similar to collisional quenching where the presence of the Ar atom

causes coupling between the bound fluorescing B3rr(o;t) electronic state ofI2 and a dissociative

electronic state of the h molecule dissociating to Ie P2/3) +Ie P2/3). Electronic predissociation

therefore causes dissociation of the excited 12-Ar complex into non-fluorescing atomic products.

The rate of the electronic predissociation varies non-monotonically with v'.
In the case of h complexes with a small noble gas atom, as with 12-He, the direct vibrational
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Figure 6-4: Schematic illustration of the two mechanisms of vibrational predissociation of a
van der Waals complex PQ(A, v')-R, where PQ is a diatomic molecule (with an electronic
ground state X and excited electronic state A) and R a noble gas atom. Direct vibrational
dissociation is illustrated by (a), while (b) illustrates an example of vibrational predissociation
via intramolecular vibrational relaxation.
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predissociation mechanism dominates [124], while electronic predissociation becomes increas-

ingly important the larger the noble gas atom. This agrees with the observation that larger

atoms are more efficient collisional quenehers [124, 125]. Competition between these different

dissociation processes was used to explain the failure to observe the laser-induced fluorescence

excitation spectrum of T-shaped h-Ar upon excitation of the 12(B, v')-Ar state of the com-

plex with 0 ::; Vi ::; 11, as well as the oscillating intensities of the fluorescence observed upon

excitations with 12 ::; Vi < 26 [124].

The extrapolation of these results to CO-noble gas van der Waals complexes is speculative,

but it provides a basis for discussion. A T-shaped configuration has been found to be the most

stable ground state configuration of all the CO-noble gas van der Waals complexes and a T-

shaped configuration is also generally assumed for the excited states of CO-noble gas complexes.

In the ab initio calculations of Salazar and Hernández, that have been discussed briefly in section

2.4, the optimised T-shaped geometry of the CO(X)-Ar ground state was used and aT-shaped

geometry for the excited CO(A)-Ar state was assumed. These calculations predict the stability

of the ground CO(X)-Ar state and excited CO(A)-Ar state to be similar, seen in the De values

in table 2.2. Also the equilibrium bond lengths, Re, of the ground and excited states are

predicted to differ by less than 2 %, meaning that the Franck-Condon factors are favourable for

optical excitation to low-lying vibrational levels of the van der Waals bond. Therefore, from

the theoretical predictions, assuming a T-shaped geometry for the excited state, the excitation

spectrum of CO-Ar is expected to be discrete and well-defined. Rapid dissociation of the

complex upon excitation could however significantly broaden the features of the excitation

spectrum.

Regarding the dissociation dynamics of the electronically excited CO(A, Vi = 3)-Ar complex/

vibrational predissociation and different forms of complex induced electronic quenching must

be considered as possible mechanisms of relaxation.

Vibrational predissociation via intramolecular vibrational redistribution is not probable in

the case of CO-Ar due to energy considerations. The stretching vibrational quantum of the

CO molecule (ECO(A,v'=3) - ECO(A,v'=2) = 1412 cm-1 [13]) is about an order of magnitude

larger than the estimated binding energy of the van der Waals bond (115 cm "! [81]). Therefore

2Similar arguments hold for CO-Ne.
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the bound regions of the potential energy curves associated with CO(A, v' = 3)-Ar and with

CO(A, v' = 2)-Ar do not overlap in energy (compare with figure 6-4).

Direct vibrational predissociation of CO-Ar should occur at a much slower rate than for the

T-shaped 12-Ar complex according to the "momentum gap" argument [123]. The large momen-

tum difference results in a very weak coupling between the high-frequency C-O stretching vibra-

tion (we of CO rv 1500 cm-I) and the low-frequency stretching vibration of the van der Waals

bond (we of CO-Ar < 30 cm-I). The nearly rectangular T-shaped symmetry (eO-Ar = 93°) of

the CO-Ar complex would also contribute to a very weak coupling between these vibrational

modes in the excited state, as has been found to be the case in the CO(X, v" = O)-Ar ground

state [63]. If vibrational predissociation does occur the CO molecule will be left after dissocia-

tion in the AIIT(v' = 2) state from which it will relax to the XI~+ ground state by the emission

of vacuum ultraviolet fluorescence. This relaxation channel would therefore be detectable in

our experimental setup.

Electronic quenching in the case of CO-Ar is not expected to follow the mechanism proposed

for 12-Ar. The A IIT(v' = 3) state of CO is too far below the dissociation energy of the electronic

ground state of the molecule to allow coupling to a dissociative electronic state of CO leading

to dissociation of the C-O bond (as with 12-Ar). In the case of CO one possible mechanism of

electronic quenching is internal conversion to a high vibrational level of the electronic ground

state. Intersystem crossing is a second possibility that should be considered with CO-Ar due

to the interaction between the singlet A IIT excited state and the triplet states with which it

overlaps.

In the CO-Ar complex the perturbation of the van der Waals bond on the CO could possibly

induce an internal conversion in the CO energy state - from the AIIT(v' = 3) state to that high

vibrational level of the XI~+ ground state lying in energy just below the AIIT(v' = 3) energy

level. The van der Waals bond would probably dissociate in this process due to strong coupling

between different vibrational modes at the high vibrational energy. This will leave the CO

molecule in a high vibrationally excited level of its ground state from which it will return to the

lower vibrational levels of the ground state by infrared emission. Such infrared emission would

not be detected in our experiment.

It is known for CO that the singlet A IIT excited state has strong spin-orbit interaction
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Figure 6-5: The superimposed decay curves of the vacuum ultraviolet laser induced emission
from two excited states: the singlet Aln(v' = 4, J' = 7) and the triplet aI3L;+(v' = 14, J' =
3, N' = 4) states. These states were populated simultaneously by pumping at ca. 141.950 nm
with a ca. 15 ns laser pulse. The emission was measured by a solarblind photomultiplier. The
initial peak (T rv 20 ns) is due to the fast decaying A IIl state and slower decaying tail (T > 200
ns) to the longer lived a'3L;+ state. (This measurement was made with a setup very similar
to ours in the laboratory of Prof. C.R. Vidal at the Max Planck Institut fur extraterrestrische
Physik during my study visit in 1999.)

with the a'3L;+, d3.6., e3L;- and a3n triplet excited states with which it overlaps in energy

[14], facilitating intersystem crossings and intercombination transitions. A CO molecule in

one of these triplet states may return directly to the singlet Xl L;+ ground state by emission

of vacuum ultraviolet phosphorescence with a lifetime that depends on the specific singlet-

triplet coupling [29]. The alternative channel is relaxation to the lowest meta-stable a3n triplet

state by the emission of visible or infrared photons (with a lifetime for this process of the

order of microseconds [29]), from which the molecule returns to the singlet Xl L;+ ground

state by emission of a vacuum ultraviolet photon with a lifetime in the order of milliseconds

[126]. The intersystem crossing channel therefore also produces emission (phosphorescence)

in the vacuum ultraviolet, but the emission lifetime is significantly longer than that of the

fluorescence from the singlet AIn excited state, as qualitatively illustrated in figure 6-5. The

emission decay curve in figure 6-5 is a superposition of the short lived (T rv 20 ns) fluorescence
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from the Al IT(v' = 4, J' = 7) singlet state and the longer lived (T > 200 ns) phosphorescence

originating from the aI3.L;+(v' = 14, J' = 3, N' = 4) triplet state. Note firstly that this specific

a'3.L;+(v' = 14, J' = 3) triplet state has a relatively short radiative lifetime due to strong

interaction with a singlet state, and secondly that this measurement was done in stagnant gas

ClO-1 mbar pressure) meaning that the lifetime is further shortened by collisional relaxation.

Under collision-free conditions the radiative lifetimes of the triplet states are longer.

The presence of the van der Waals bond could advance the intersystem crossing channel

in excited CO-Ar complexes. If the triplet level to which the intersystem crossing is made

would be less than circa 100 cm "! (the estimated binding energy of the van der Waals bond)

lower than the Al II( v' = 3) level the complex could survive the intersystem crossing and,

as example, the triplet state complex CO(a'3.L;+, v' = 12)-Ar could be formed. However, the

estimated energy difference between the A1IT(v' = 3) level and the aI3.L;+(v' = 12) level in CO

as calculated from molecular constants [12] is 376 cm "! meaning that the complex will probably

dissociate in this process. Dissociation will leave the CO molecule in the aI3.L;+(v' = 12) triplet

state. This would mean that the vacuum ultraviolet emission originating from the excited

complex or from the triplet CO after dissociation of the complex will decay slowly, spreading

the total radiative energy coming from the CO-Ar complexes over a longer time. As a result,

the measurement of the signal during the first 30 ns only, as has been shown to be very efficient

to detect the fluorescence of the singlet-singlet CO transitions in the experiment, would be

inefficient for the detection of the phosphorescence of the complexes. The phosphorescence due

to intersystem crossing could therefore also contribute to the failure to detect vacuum ultraviolet

emission from the excited CO-Ar complexes by the specific method of data acquisition that is

applied. Delaying the time-gate during which the signal is measured by an appropriate period

could make the detection method more sensitive to phosphorescence from the triplet states

while discriminating against the strong singlet-singlet fluorescence. If complex induced inter-

system crossing is occurring, this adjustment in the measuring conditions could be helpful in

the detection of the phosphorescence of the complexes.

In conclusion, from ab initio calculations on CO-Ar and comparison with the results on

I2-noble gas complexes, it can be expected that the CO-Ar complex should have a discrete

excitation spectrum and that its dissociation rate via direct vibrational predissociation should
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be relatively slow. Consequently electronic predissociation channels such as complex-induced

internal conversion or intersystem crossing mechanisms could be expected to play a dominant

role in the relaxation of the CO(A, v' 3)-Ar state. In the case of complex-induced intersystem

crossing, our detection system is inefficient in detecting the phosphorescence and in the case

of complex-induced internal conversion the infrared emission that would result lies outside the

sensitivity range of the photomultiplier tube used. These mechanisms could therefore be the

reason for the failure to detect the CO (A, Vi = 3)-Ar+--CO(X, v" = O)-Ar excitation band of

CO-Ar by laser-induced fluorescence.
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Chapter 7

Conclusions and outlook

The following sections contain a concise summary of the main results and conclusions, as dis-

cussed in chapters 5 and 6, and the outlook towards continuation and extension of the research

presented here.

7.1 Summary of results and conclusions

In the study presented here, the experimental setup that was developed in our laboratory was

successfully used for high-resolution vacuum ultraviolet laser spectroscopy of a natural CO gas

sample under conditions of flow-cooling to rotational temperatures as low as 2± 1 K in a pulsed

free supersonic jet, with argon or neon as carrier gas.

The experimental parameters that were found to influence the degree of flow-cooling in the

jet most are the stagnation pressure, the percentage of CO in the gas mixture that is expanded

and the choice of the carrier gas. The effects of these parameters were investigated and used

to control the experimental conditions in the jet. Optimal cooling (measured by the 12C160

rotational temperature) was obtained in our setup with a stagnation pressure of 4 bar, a gas

mixture containing ca. 1 % CO in neon, a gas pulse period of 2.5 ms, nozzle orifice diameter

of 0.8 mm and nozzle-to-laser distance of 20 mm. For larger signals and the search of CO van

der Waals complexes 25 - 30 % of CO in the gas mixture was used, resulting in a rotational

temperature still typically below 10 K.

The typical non-equilibrium characteristics of flow-cooling in a supersonic jet were clearly
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observed in our experiment. The rotational relaxation lags behind the translational relaxation,

and even among the rotational levels the relaxation of the higher rotational levels lags behind

that of the lower rotational levels. The rotational temperatures that the different CO iso-

topomers reached by flow-cooling in the jet are found to agree roughly with trends expected

from collisional momentum transfer.

Laser-induced fluorescence excitation spectroscopy was demonstrated in this study as a

sensitive method to obtain low-noise high-resolution excitation spectra of =c=o and its iso-

topomers. The total undispersed fluorescence was measured upon excitation of individual rota-

tionallines in the A(v' = 3) - X(v" = 0) vibronic band. Under the low rotational temperature

conditions the detection limit for CO isotopomers (especially seen with the rare 12e170) was

3 parts per million (equal to a partial pressure of 0.012 mbar in 4 bar stagnant gas prior to

expansion). The spectral resolution of the spectra is approximately 0.25 cm "! (0.5 pm at 144.7

nm).

The low rotational temperature of the sample facilitated the spectroscopic detection of rare

CO isotopomers in a natural CO gas sample. Six individual rotational lines of 12e17o, as

well as four of 12e18o, were detected in the A(v' = 3) - X(v" = 0) vibronic band. The

wavelengths of these lines were determined, with an accuracy of ca. 2 x 10-4 nm, using the

large number of 12e16o and 13el6o lines in the spectrum as standard lines for wavelength

calibration. The spectral results on 12el7o are to my knowledge the first rotationally resolved

laboratory measurements reported on the A III - Xl L;+ band of this isotopomer. The newly

measured 12e170 wavelengths were immediately applicable to a recent problem in astrophysics

[4] and resulted in the calculation of consistent Doppler shift and heliocentric velocity values

[117].

The conditions in a supersonic jet also facilitate the formation and study of van der Waals

complexes. In our experimental investigation evidence of complex formation has been found in

the decrease of the CO monomer signal under suitable conditions. Evaluating this evidence as

well as reports on successful experimental studies of CO-Ar van der Waals complexes, complex

formation (eO-Ar/eO-Ne and CO-CO) is considered to occur in our seeded supersonic jet.

However, in the spectral region around the A(v' = 3) - X(v" = 0) band of 12e16o that was

investigated, no distinct spectral features that could be associated with these complexes were
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observed. Although the possibility must be considered that the excitation wavelengths are not

lying as predicted inside the wavelength region that was investigated, there are a number of other

possible reasons for not observing the complexes' spectral features that are more fundamental

of nature. Studies on the excitation and dissociation dynamics of 12-noble gas van der Waals

complexes show that either a continuum excitation spectrum [121] or vibrational and electronic

predissociation processes [124] could contribute to a weak or not detectable excitation spectrum

of van der Waals complexes. Based on theoretical calculations on the excited CO(A)-Ar complex

[81] the excitation spectrum of CO-Ar is expected to be discrete. Complex-induced internal

conversion or intersystem crossing, both probably leading to dissociation of the complex, are

considered as possible reasons for the failure to detect the excitation spectrum of CO-Ar or

CO-Ne complexes by laser-induced fluorescence in the present experiment.

This experimental study on CO has fully exploited the advantages of the combination of a

narrow band vacuum ultraviolet laser source and the extreme flow-cooling of the spectroscopic

sample in a free supersonic jet. The results obtained with a sample of natural CO gas con-

tributed new wavelengths to the spectral data on the rare 12C170 isotopomer. The study also

made the first modest contribution of experimental evidence in the previously uninvestigated

topic of the electronic excitation and dissociation dynamics of CO-noble gas van der Waals

molecules.

The results presented here clearly demonstrate the potential of our experimental setup for

vacuum ultraviolet laser spectroscopy and opened the way for further investigation of not only

CO isotopomers and complexes, but any other molecular species with distinct spectroscopic

features in the vacuum ultraviolet.

7.2 Outlook

As mentioned in the introduction of this dissertation, the study presented here must be con-

sidered a pioneer project opening the way for further application of vacuum ultraviolet laser

spectroscopy - employing the narrow band tunable vacuum ultraviolet source in combination

with supersonic jet techniques - in our laboratory.

Of immediate interest would be continuation of the measurements of the spectral lines
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of 12C170. These spectral data that can be measured with high sensitivity and calibrated

accurately with our experimental setup are of immediate relevance in the field of astrophysical

research of the interstellar medium. In this field of research there is a definite need for more

extensive laboratory measurements characterising the A(v') -X(v" = 0) progression of 12C170,

in particular the bands with v' = 2-5 that have been observed already in the vacuum ultraviolet

spectrum of the interstellar medium [11, 4]. The present study provided data for the v' = 3

band. Similar results for the other bands should be obtainable without significant changes to

the experimental setup.

It might be possible to detect the strongest lines of the even rarer 13C180 isotopomer in

natural abundance with this setup if the fluorescence collection is improved. The R(O) line of

12C180 was measured with a signal to noise ratio of 60. At present the fluorescence that is

collected comes from a small solid angle of about 0.04 steradians. If the solid angle from which

the fluorescence is collected is doubled, for example by placing a collecting mirror behind the

gas jet, the detection of the R(O) line of the 100 times less abundant 13C180 should be possible.

Detection of the 13C170 isotopomer that would by the same argument require at least a 5 fold

increase in the sensitivity would be more difficult to achieve. The detection of CO isotopomers

containing 14C is not possible due to the low natural abundance (14C:13C I'V 1 : 1013) of the

unstable 14C atom. Operation of our apparatus with isotope enriched samples is not possible

due to technical, cost and safety considerations.

Continuation of the search for the excitation spectrum of the CO-noble gas van der Waals

complexes might be a bigger experimental challenge, but would contribute valuable results

to the fundamental understanding of the CO-noble gas complex as prototype van der Waals

complex. In view of the ongoing theoretical work on CO-Ar employing state of the art ab initio

methods [63, 81], results on the excitation spectrum of CO-Ar will be most valuable as a test

case for these studies. The present study did not yield enough results to clearly indicate the best

strategy for the continuation of the investigation, but the following speculative conclusions can

be offered. If intersystem crossing and the resulting phosphorescence would be the dominant

channel in the dynamics of the excited complex, then delaying the measurement window by

an appropriate time interval after the laser pulse could help to detect the phosphorescence

associated with the complexes, while discriminating against the strong fluorescence from the
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excited singlet states of the uncomplexed CO. It might also be recommended to investigate other

v' bands in the A(v') - X(v" = 0) progression because the probability for intersystem crossing

and internal conversion should vary non-monotonically with v'. If electronic predissociation

channels were the dominant reason for the failure to observe the spectral features of the CO-Ar

complex, it might be recommended to investigate excitations of the complex to CO (A, v')-Ar

states with high v' values. The higher the v' level, the more strongly vibrational predissociation

competes with electronic quenching and the more probable it becomes to observe fluorescence

upon excitation of the complex.

It could also be helpful to make use of other detection methods, such as measurement of

absorption or ion-current, to find the features of the excitation spectrum of the CO-Ar and CO-

Ne. To obtain good quality absorption spectra would require separation of the sum-frequency

beam from all other vacuum ultraviolet radiation that is generated, and careful pulse-to-pulse

normalisation of the transmitted vacuum ultraviolet pulse energy with respect to the incident

vacuum ultraviolet pulse energy. Ionisation measurements will require designing electrodes for

efficient electron and ion collection.

Confirmation of the predicted excitation wavelengths of the CO-Ar and CO-Ne complexes

would be helpful in future experiments. We would like to propose to Salazar and Hernández

that in future models optimised geometries (regarding the CO bond length, van der Waals bond

angle and van der Waals bond length) be used for both the ground and excited state of the

complex. To our knowledge such calculations are planned.

In the long term the application of the experimental setup for vacuum ultraviolet laser

spectroscopy to new analytical problems is also envisaged. Applications related to the study of

CO are the investigations of CO-dimers, metal carbonyls or the adsorption of CO on catalyst

surfaces. Another field that is considered is the spectroscopic investigation of selected Si-

o containing molecules with ring-structures that are fundamentally related to the structures

in technologically important solid silicon-oxide materials, like fused silica. Investigation of

these molecules by vacuum ultraviolet spectroscopy might lead to a better understanding of

the degradation processes in ultra-pure fused silica during prolonged exposure to ultraviolet

radiation. Other possibilities that are currently envisaged are the investigation of the interaction

of vacuum ultraviolet radiation with solid state materials such as ultraviolet-transparent crystals
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and diamond-like carbon.

For future work, the setup for high-resolution vacuum ultraviolet laser spectroscopy will

be complemented by a conventional vacuum spectrometer (McPherson, model 255) fitted with

optics and a detector for the analysis of light in the vacuum ultraviolet region. This spectrometer

setup will have a lower resolution, but will allow fast and easy recording of absorption spectra

of samples over larger spectral regions than can be scanned with a single laser dye in the laser

source. It will also be possible to connect the spectrometer to the laser-induced fluorescence

setup for recording of dispersed fluorescence spectra emitted upon vacuum ultraviolet laser

excitation, as discussed at the end of section 3.3. Additionally the ability of the spectrometer

will facilitate further refinement and optimisation of the two-photon resonant four-wave sum-

frequency mixing process generating the tunable vacuum ultraviolet radiation as it will facilitate

the separate measurement of the sum-frequency and the accompanying third-harmonic signals.

Some further recommendations on technical improvements to the current experimental setup

are given in appendix 8.2.

The vacuum ultraviolet laser excitation could in future be used in combination with the

time-of-flight mass spectrometer that is currently being developed in our group. This will allow

employment of laser-induced ionisation as detection method for non-fluorescing species.

Laser spectroscopy in the vacuum ultraviolet has more experimental challenges and is not

as widely applicable as some other spectroscopic methods. However, since a tunable narrow

bandwidth vacuum ultraviolet laser source is a relatively scarce asset, it is hoped that this setup

will be used for further investigation on scientifically and technologically relevant topics in this

niche area in spectroscopy.
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Chapter 8

Appendices

8.1 Theory of sum-frequency generation in a gaseous medium

The process of four-wave mixing in gases has been discussed in general in numerous publications

of which Hanna et al. [101], Shen [127] and Vidal et al. [128, 95] are only a few examples.

However, detailed descriptions are usually limited to the case of third harmonic generation. My

M.Sc. thesis [102] contains a comprehensive discussion of the theoretical descriptions of four-

wave mixing with specific reference to third-harmonic generation, as well as sum-frequency

generation in a magnesium-krypton medium. The purpose of the following discussion is to

provide a coherent outline of the theoretical description of the specific sum-frequency generation

process Ws = 2Wl + W2, in an atomic gas medium. This should serve as background to the

discussion in sections 3.2 and 4.1 where results from this theory are used explicitly or implicitly.

In the framework of the relevant theory on the nature of light and matter, an analysis

of the interaction of light with a material medium involves the simultaneous solution of the

Schrëdinger equation, as description of the response of the atoms or molecules of the material

medium to electromagnetic perturbation, and Maxwell's equations describing the response of

the electromagnetic wave to the local properties of the medium. This means that the material

medium is treated as a quantum mechanical system whereas the electromagnetic radiation

is treated classically, as appropriate for strong radiation fields. The Schrëdinger equation is

solved either by density matrix theory [129] or by a perturbation approach to the density

matrix [130] to yield expressions for the linear and nonlinear susceptibilities that characterise
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the field dependent properties of the medium completely. In this discussion, the results of the

perturbation approach as implemented by Puell and collaborators [130, 131] will be used.

The second part of the problem is to solve the Maxwell equations for the appropriate

conditions. In a charge-free, current-free, non-magnetic gaseous medium, the four equations

of Maxwell reduce to the Maxwell wave equation (in cgs units),

(8.1)

This equation shows that any time dependent polarisation in the medium serves as a source

term to an electromagnetic field. Without any loss of generality, the polarisation of a material

medium can be separated into a linear and a nonlinear component, pIL] and pINonL] respectively,

and the nonlinear component further into contributions of different orders (n),

00
p = pIL] + plNonL] = pIL] + L: p(n).

n=2

Applying this formalism to the Maxwell wave equation for a medium subjected to a continuous

plane wave electromagnetic field (Êj, propagating in the z direction), assuming that the ampli-

tudes of both the electromagnetic field and the resulting polarisation (Pj) of the medium vary

slowly on the spatial and temporal scales of the wavelength and period of the electromagnetic

wave, equation 8.2 - the so-called fundamental equation of nonlinear optics [128] - is obtained:

(8.2)

In this equation N is the number density and Êj and pt) are the Cartesian components of the

electric field and the nth order nonlinear polarisation at frequency Wj defined by the Fourier
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series

E (z, t) = ~L [êjÊ (z,Wj) e-i(wjt-kjz) + cc] (8.3)
j

1"[' ~'k2~ êjE(r,wj)e-lWjt+cc] withE(r,wj) =E(r,wj)el jZ

J

and p(n) (z, t) ~L [êjP(n) (z, Wj) e-iwjt + cc] . (8.4)
J

nj is the complex index of refraction at frequency Wj; a scalar quantity in an isotropic gaseous

medium. The wave vector kj of the field at frequency Wj is related to the real index of refraction

nj of the medium at that frequency, which is a direct function of the real part of the linear

susceptibility X(l)(Wj). Under the assumption that nj ~ 1 the relation is given by

(8.5)

The last term of equation 8.2 incorporates one-photon absorption of the field at frequency Wj.

The absorption cross section ay) is related to the imaginary part of the linear susceptibility

X(l)(Wj) as well as to the real index of refraction of the medium! by

(1) ~ 47fWj -(1)( .)aj ~ _ X WJ'
enj

(8.6)

To model a nonlinear optical process, the fundamental equation of nonlinear optics has

to be combined with the results from the Schrëdinger equation, namely the definition of the

nth order nonlinear susceptibility in terms of the nonlinear polarisation pá~), as well as the

explicit quantum mechanical expression for each nonlinear susceptibility tensor Xt~I...Qn' The

nth order nonlinear susceptibility is defined by the following most general relation- between the

1The index of refraction in the denominator of equation 8.6 is often neglegted in literature under the assump-
tion that nj ~ 1. See appendix C of reference [102] for a discussion of the different ways this approximation is
applied to yield different expressions.

2The numerical factor in this relation depends on the convention used. The specific factor 2,~~i holds for a
widely used convention for defining nonlinear susceptibilities (see [102, p. 41]) if no two of the frequencies WI, ••Wn

are identical.
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polarisation and the electric fields [101, equation 2.7]

where Ws = WI + W2 + ...+ Wn and as, al ... an each describe the "polarisation orientation't '

of the component. The general quantum mechanical expression for the nth order nonlinear

susceptibility is a tensor of rank n + 1, according to Hanna et al. [101, equation 2.15] given by

the expression

(8.7)

where

(8.8)

is the expectation value of the transition electric dipole moment and

Wnm = f2nm - if nm. (8.9)

is the complex transition frequency of the transition between states nand m. The sum over all

atomic (or molecular) states bl ...bn as well as over all the possible initial states 9 weighted by

their unperturbed population densities p(g) must be calculated. ST is a permutation operator

indicating that summation must be carried out over all permutations of the n + 1 interacting

waves and therefore all permutations of the parameter pairs asws, alWl, ... , anwn.

A general solution that involves solving the fundamental equation 8.2 simultaneously for

every relevant frequency present in the nonlinear medium, each potentially including nonlinear

3The "polarisation orientation" refers to the transverse polarisation of the electromagnetic field that is prop-
agating in the z direction, for example left or right hand circular polarisation or linear polarisation in the x or y
direction.
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contributions of several orders, is not possible. However, analytical solutions can be obtained

for specific physical conditions. Considering only the case relevant to our experimental setup,

extensive simplifications can be made. For a gaseous nonlinear medium showing inversion

symmetry only odd order nonlinear contributions to the polarisation exist". Working with

moderate dye laser powers as in our work it is safe to assume that only third order nonlinear

processes will be significant. The fundamental equation 8.2 can therefore be simplified to

(8.10)

The next consideration is which frequencies Wj will be significant in the medium. In our

experimental setup there are two incident laser beams at frequencies WI and W2. The conditions

are optimised to enhance the generation of the sum-frequency Ws = 2Wl+W2. The processes of

third-harmonic generation WTH = 3Wl and difference frequency generation Ws = 2Wl - W2 are

also possible, although discriminated against by the experimental conditions. However, in the

small signal limit the different nonlinear processes should be approximately independent and

the sum-frequency generation process can be considered separately. Considering only the sum-

frequency generation process equation 8.10 must be solved for WI and W2 and Ws = 2Wl+ W2.

In the small signal limit, quantified as IEsl « IEllor IE21, it can be assumed that the incident

field amplitudes are only attenuated by one-photon absorption and not by the nonlinear process

itself. Thus Êl' Ê2 can be expressed as

(
N (1»)~ ~l

El (z = O)exp --2-

(
N (1»)

= Ê2 (z = O)exp -+
with the incident light entering the medium at position z = O. The propagation of the sum-

4This can be seen by inspection from the expression 8.12 for the nonlinear susceptibility. The electric dipole
moment factors (nl J.Lo (Wj) 1m) in the numerator of X(n) obey the selection rule for electric dipole transitions,

J
being only non-zero if the states nand m have opposite parity. In non-hydrogenic gaseous media where all states
have definite parity, a non-zero numerator is not possible for even orders. In solid state optical media where
states of different parity are mixed, this selection rule breaks down allowing even order processes.
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frequency field is defined by the differential equation

- (1)
d.E; _ .27fws p(3) ( ) -ik.z (7s NE-
- - 2-- Z Ws e - - s
dz nsc' 2 (8.11)

The definition of the nonlinear polarisation in terms of susceptibilities can also be simpli-

fied. In the quantum mechanical expression for X~~~la2 ...an (-ws; Wl ... Wn) application of the

permutation operator yields a number of terms of which all but the dominant one can gen-

erally be neglected. The expression for the appropriate third order nonlinear susceptibility

X~3}alala2 (-Ws; WI, WI, W2) can be approximated by

(8.12)

The sum over the different states 9 can be neglected in the atomic magnesium medium at circa

750 "C as the population densities p(g) and therefore the contributions of all but the lowest

energy ground state of the atoms are very small. Using the two-photon resonance of WI with

the m - 9 transition for resonant enhancement, the expression for the nonlinear susceptibility

for the sum-frequency process becomes:

(8.13)

The sum over the polarisation orientations in the expression for pP) can be simplified as

well by applying the angular momentum selection rules governing X~}al ...an and taking into

account the polarisations of the incident laser beams in the experiment. In the four electric

dipole moment factors (al /-laj(Wj) Ib) in the numerator of X~3}alala2 both states la) and Ib) are
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atomic angular momentum eigenstates characterised by magnetic quantum numbers ma and

mb respectively. The Wigner-Eckart theorem [132] is applicable to them yielding the selection

rule

(8.14)

where 6mj is the change in the magnetic quantum number associated with the electric dipole

moment operator dependent on its polarisation orientation O:j. When using for example cir-

cularly polarised incident laser beams, this selection rule allows the generation of the sum-

frequency Ws = WI +WI +W2 only if the beams of frequencies WI and W2 are polarised circularly

in opposite ways (6m is +1 and -1 respectively). The generation of the third harmonic of

WI is then theoretically forbidden. Thus only one term remains in the expression for the third

order nonlinear polarisation given by

or simply written as

(8.15)

When these simplifications are substituted into equation 8.11 and the expression is inte-

grated over a medium length L (assuming a rectangular density profile of the medium in the

region 0 ~ z ~ L) an expression is obtained for the amplitude of the generated sum-frequency

field at the end of the medium (position z = L):

Ês(L)

(8.16)
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The absorption cross sections have been rewritten here as optical depths (opacities):

is the optical depth of the medium for the sum-frequency wave and

is the total optical depth for the incident waves. The wave vector difference 6k is defined as

6k = ks - (2k1 + k2)

Taking the modulus squared and using the relation between intensity and amplitude Ij(z) =*1Ê.f(z)12 equation 8.16 can be rewritten in terms of intensities

(8.17)

F(6kL, fi, fs) is the phase matching factor, containing the dependence of the process on the

wave vector mismatch 6k. The phase matching factor is generally maximised by minimising

the value of 6k, which corresponds to the conservation of linear momentum in the interaction

between the four electromagnetic fields. In the case of collinear laser beams, this requirement of

6k = 0 for optimal conversion can be expressed as a relation between the indices of refraction

of the medium at the incident and generated frequencies: 2wlnl +W2n2= Wsns.

The specific form of the expression for the phase matching factor is influenced by the optical

depths I', and I's, the density profile of the medium and the focussing conditions of the incident

laser beams. It is given in general by the expression

(
A) exp( -fi) + exp( -fs) - 2exp( _r·2ri) cos(6kL)

F ukL,fi,fs = 2(r·2ri) + (6kL)2
(8.18)

In a magnesium vapour medium the incident frequencies can be chosen to minimise the value

of fi, but the absorption of the vacuum ultraviolet sum-frequency wave is often associated with
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Figure 8-1: Theoretical phase matching curves calculated for different values of the optical
depth rs. A logarithmic scale is used on the vertical axis to make the oscillatory structure
clearly observable.

auto-ionisation of the medium that cannot be avoided. In this case the phase matching factor

is given by

F(6kL r.« 1 r )';::j F(6kL r )= 1+ exp( -r~- 2exp( -11) cos(6kL)
,l ,s , s (f )2 2T + (6kL)

(8.19)

Figure 8-1 illustrates theoretical phase matching curves for different values of the optical thick-

ness of the medium rs- Experimental phase matching curves show an asymmetry dominantly

due to the magnesium vapour medium in the heat pipe not being perfectly uniform (having

density gradient on both sides) and to a lesser extent due to the slight focussing of the laser

beams in our setup [133, 128].

Equation 8.17 with phase matching factor 8.19 is appropriate to describe sum-frequency

generation in the magnesium vapour medium used in the present work under conditions of

moderate laser intensities (i.e. in the small signal limit). These equations show the intensity of

the sum-frequency light generated to be dependent on:

• the square of the number density of the medium N and the medium length L (within
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certain limits since a denser or longer medium also contributes to greater opcity of the

medium),

• the intensities of the incident beams [Jl (0)]2 [h(O)], therefore (to first approximation) to

the cube of the average incident laser intensity,

• the square of the nonlinear susceptibility X(3) ( -Ws; WI, WI, W2) whieh in turn is influenced

by angular momentum selection rules and can be enhanced by appropriate resonances,

• the phase matching factor F(6kL, I's) that is influenced most by the value of the wave

number mismatch 6kL and the optical thickness of the medium for the sum-frequency

wave r.,

• other conditions influencing the peak position and symmetry of the phase matching fac-

tor, namely the deviation of the true density profile of the medium from the assumed

rectangular profile and the focussing of the incident laser beams''.

8.2 Technical recommendations for future work

Regarding the experimental setup a few suggestions for future modifications and improvement

can be made.

The first recommended modification is the implementation of a mechanism to separate the

wavelengths entering the sample volume from the vacuum ultraviolet source. As discussed in

section 4.1 no attempt was made in the present work to separate the tunable vacuum ultravi-

olet sum-frequency from the fixed vacuum ultraviolet third-harmonie frequency or the visible

frequencies that are all present in the beam. The elimination of the third-harmonie and vis-

ible frequencies will be essential for future spectroscopy on molecules where the presence of

additional frequencies (visible or vacuum ultraviolet) might influence the spectroscopie process.

The separation of the sum-frequency beam from the third-harmonic is also necessary for quan-

titative measurements of the power of the incident vacuum ultraviolet sum-frequency radiation.
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in our experiment the incident beams are relatively weakly focussed and the parallel beam limit remains a good
first order approximation.
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Separation of the different wavelengths could be done using a suitable lens [134] or a customised

prism as used by Yamanouchi et al. [99] with a small apex angle and carefully aligned baffles

to block the unwanted frequency components.

For quantitative fluorescence measurements the setup should also be modified to measure the

sum-frequency power by splitting off a few percent of the beam after the frequency separation,

before the experimental volume. These measurements of the sum-frequency power can then

be used to normalise the fluorescence signal of each laser pulse with respect to the vacuum

ultraviolet sum-frequency power generated by that pulse. This should improve the signal to

noise ratio of the scans and will yield fluorescence measurements that are not only of qualitative

but also of quantitative significance.

The slow random drift in the baseline of the integrated signal coming from the boxcar

integrators was a problem in the present work (see the last paragraph of section 4.3). This

could be reduced by investigating the use of higher repetition rates in the scans so that the

drift will have a longer time scale relative to the scan rate. An improvement could be obtained

by changing the control programme of the data acquisition system in such a way that the

boxcar acquires an additional background data point between each two laser shots. When

the thus acquired background spectrum is (automatically) subtracted from the fluorescence

spectrum the electronic drift should be eliminated. The ideal would be the recording of a

complete emission decay curve in digital form for each laser shot. From such data the decay

rate constant, emission amplitude, as well as emission quantum yield can be obtained shot-to-

shot. This however requires fast recording and processing of large volumes of data.

In the present work the pulsed gas valve was controlled by a home-built controller, providing

voltage pulses at only about 75 % of the voltage specified for the valve (see section 4.2). This

was probably the cause of some technical difficulties in working with the valve and the failure

to obtain shorter gas pulses. I would recommend the replacement of the home-built controller

with the commercial Iota One valve driver of General Valves Corporation which has in the

mean time become available.
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