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Chapter 1 Introduction.

1.1 Interstellar medium.

While most cosmologists cannot agree on what haggpeduring the first second
after the Big Bang, the prevailing viewpoint deBes an infinitely hot, dense point
that expanded, thinned and cooled td°1. The inflation era lasted from Hto 10%* s,
followed by a change in density and temperaturseokral orders of magnitude during the first
10*2 seconds. During the following f0seconds, quarks had fused into protons and neytron
primordial nucleosynthesis ended, thus producingmat and ions. The universe became
transparent at@.0° years, forming simple molecules, the heaviest littvwas lithium hydride,
and leaving only the 2.7 K microwave backgroundaslic of its initially violent beginnings.
After 10° years, the first galaxies and quasars formed. &\laxies are not forming at the
present epoch, the stars within them are, 15 hilligears after the Big Bang.
The tenuous matter spread across the vast distéetesen the stars totals just a few percent
of the weight of all the visible stars in our owmaléxy and is termed the interstellar medium

(ISM).

1.1.1 A brief overview of ISM.

The ISM has two main components: bright and dargiores of mainly hydrogen
and helium gas, and dark swathes of dust. Theseeanged inhomogeneous due to their
non-uniform distribution. Most of the ISM is comad within the Galactic disk and the spiral

arms in a layer a few hundred parsecs thick.



One cannot explicitly say that the space betweensthrs is a vacuum, since the ISM
is clearly observable. It contains on average arlg atom per ch fewer atoms than even
the best terrestrial laboratory vacuum can achi@wng.chemistry occurring in space will depend
on cosmic abundance of a particular element. Thlsleows the abundance of the most common

atoms relative to the hydrogen atom.

Table 1 Fractional abundance of elements relativeothydroden.

Element Abundance
H 1

He 0.1

O 7x10*

C 3x10*

N 1x10*
Ne 0.8x10*
Si 0.3x10*
Mg 0.3x10*
S 0.2x10*
Fe 0.04x10*

Until 1968, astronomers assumed that the ISM wasstlgnoatomic hydrogen
with significantly fewer of the hydrogen atoms kgibound with a single carbon or oxygen.
Then ammonia Nklwas discovered near the Galactic center, followgdvater vapor kD;
thereafter successively more complex molecules ssclkethanol CECH,OH were observed.
Table 2 gives a summary of the interstellar moleswdbserved to date. Currently it is known
that the ISM is the site of a complex and variednaistry that is very different to that one can

study on earth.



Table 2 The interstellar molecules found (January @07).

Number of atoms Compound

2 Hp, AIF, AICI, C,, CH, CH', CN, CO, CO, CP, CSi, HCI, KCI, NH, NO,
NS, NaCl, OH, PN, SO, SOSIN, SiO, SiS, CS, HF, SH, FeO(?)
3 G, GH, GO, GS, CH, HCN, HCO, HCO, HCS, HOC', H,0, H;S,

HNC, HNO, MgCN, MgNC, NH", N,O, NaCN, OCS, S§c-SiG, CO,,
NH, Hs", SICN, AINC, SiNC

4 ¢-GH, I-CsH, GN, G50, G:S, GH,, CHD*(?), HCCN, HCNH, HNCO,
HNCS, HOCO, H,CO, HCN, H,CS, HO*, NHs, SiGs, Cy

5 GCs, CaH, C4Si, 1-CaHa, c-GoHa, CHCN, CHy, HGN, HCNC, HCOOH,
H,CHN, H,C,0, HNCN, HNG, SiHy, H,COH*

6 CsH, I-H,Ca, CoHa, CHCN, CHNC, CHOH, CHSH, HGNH*, HC,CHO,
NH,CHO, GN, HCN

7 CsH, CH,CHCN, CHC,H, HCN, HCOCH;, NH,CHs, ¢-GH.O,
CH,CHOH

8 CHCsN, HCOOCH, CHsCOOH(?), GH, H,Cs, CH,OHCHO,
CH,CHCHO

9 CHsC4H, CHCH,CN, (CH),0, CHCH,OH, HGN, CeH

10 CHCsN(?), (CH).CO, NHCH,COOH(?), CHCH,CHO

11 HGN

12 CHOGCHs

13 HGuN

The gaseous component consists of a mixture of satamd molecules and these
may be ionized or neutral. The dust component cmapronly 1% of the ISM by mass
and consists oftardust which is composed of silicates, graphite and gmowus carbon,
made in oxygen- and carbon-rich outflows from lgf@e giants and planetary nebulae.
Interstellar dust which is formed in the interstellar medium, caetsi of silicates
and carbonaceous components, ranging in size frégw anicrons down to several Angstroms.
There is only indirect evidence to suggest that tmasgerstellar dust formation occurs
in theambientISM. Despite its small relative mass, dust plajewrole in the thermodynamics
and chemistry of both the ISM and star formation.

Interstellar gas is transparent to photons withrgias less than 13.6 eV (the Lyman limit);
that is, electromagnetic radiation ranging from th&aviolet (UV) to the far-infrared (FIR).
Dust grains act as thermal intermediaries betwdwtons and gas because they absorb light

with extreme efficiency. That is why dust lookslkdan optical photographs. The actual effect of
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the dust is that it both absorbs and scatters;lighilectively calledextinction This allows
indirect shielding from UV light such that completganic molecules can be formed in the gas
phase and as ices on the surface of the grainssttess. The extremely varied physical
conditions (such as temperature, pressure andreliffetypes of electromagnetic radiation)
existing within the ISM produce a highly interegtiand complex chemistry. Ultimately,
interstellar chemistry will produce the raw matkerévailable for the formation of planets
and life itself. These presolar molecules can lentifled from samples buried in cometary
and meteoric matter. Without dust, the evolutioroof Galaxy would have been very different

and the development of planetary systems wouldhae¢ occurred.

1.1.2 A classification of the ISM.

The gas clouds comprising the ISM are terrgadeous nebulaand are highly dynamic
structures with relative speeddl0 km s'. The following regions are differentiated: dark

nebulae, reflection nebulae, Hegions, planetary nebulae, supernova remnants.

1.1.2.1 Dark nebulae.

Dark nebulae can be observed because they obsackgrbund stars or stand out as dark
patches against regions of hot, glowing gases. Somaepherically shaped and self-gravitating,
namedBok globules and are proposed as sites of star formation amtgmolecular clouds
complexes. These Bok globules should not be codfugth a class of smaller Bok globules
seen against ionized regions of ISM, which are gratvitationally bound. Molecular cloud
complexes are cool, have a lifetime of ordef §6ars, and as their name suggests, are a rich

source of molecules such as hydrogerahd carbon monoxide CO.
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1.1.2.2 Reflection nebulae.

A reflection nebulae is a cloud of gas and dustcWishines by reflecting light emanating
from stars (containing the star’'s absorption specjr This light is scattered by dust grains
in the surrounding gas, revealing their presenbe.réflection nebula appear bluer than the light

coming directly from the stars due to blue lighinigepreferentially scattered relative to red light.

1.1.2.3 H, regions.

H |, regions exist where neutral hydrogen jHatoms are exposed to photons of energy
greater than 13.6 eV from stars. These photonzeothe hydrogen atoms to form protons
and electrons. K regions are thus bright, ionized regions of hyedrogurrounding newborn hot,
bright stars (of spectral types O and B) Theseoregire dominated by intense light emission
and thermal radio-continuum. The division between k|, and H , regions is distinct

and resulting sphere of ionized hydrogen aroundthe

1.1.2.4 Planetary nebulae.

These are similar to I regions except that the ionizing source is anstdd in its death
throes rather than a newborn star. The resultimizéal region is more chemically complex,

dense and compact.

1.1.2.5 Supernova remnants.

Supernovae can be roughly classified as Type Typell. A Typel supernova occurs

in typical binary stars, which consists of a lown@dium mass star, which is in the process
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of evolving into a red giant phase, and a comparstar, which can be a white dwarf,

a Wolf-Rayet star, or a helium star. The expandinter layers of the red giant are effectively
dumped onto the surface of the companion starpeegs that increases the pressure, and thus
temperature, inside the star. At a certain momernime a fusion process starts in the carbon-
rich interior of the companion star, releasing témaining nuclear energy in a process termed
deflagration Deflagration involves the breakup of the entimnpanion star, leaving only an
interstellar rubble.

A Typell supernova occurs when a high-mass star explodés last stages of evolution.
Generally, it leaves gaseous remnants and a higsitgleneutron star. If the remnant is young,
there will exist an amorphous region emitting atocarous spectrum of synchrotron radiation
by electrons spiraling in intense magnetic fiellisis (radio) emission from supernovae has thus
a non-thermal origin. The X-ray and optical emiasfoom supernova remnants, on the other
hand, is thermal radiation arising from shock heati

Table 3 summaries the physical conditions in the §eneral types of ISM.

Table 3 A broad classification of five types of irgrstellar medium.

Phase Nu (em®)  Tgas(K) % ISM by volume % ISM by mass
Molecular cloud 1610° 20 <1 040

H, regions [cloud] 15 10 C3 C 40

H, regions [intercloud] 0.5 6x10°-10° [ 47 L 20

H \ regions 10-10° 10* <1

Supernova remnants 30 10 L 50
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1.2 lons of astrophysical interest.

The article by A. Douglas published in 1977 propgsthat carbon chains are good
candidates as carriers of some diffuse interstbldand absorption [1] has continued to be cited.
His arguments were based on their likely spectqoiscand photophysical properties; i.e. leading
to electronic transitions in visible part of the espum and possible broadenings
of the absorptions due to intramolecular procesisesrder to test this hypothesis, gas phase
electronic spectra of the systems he was alludimg etg. the bare carbon chains, C
(n=5, 7, ..., 15) were required. Thus as part ofaegeactivity of group of Prof. Dr. J.P. Maier
dealing with the development and application of thethods to study the electronic spectra
of radicals and ions we set ourselves the goalessuring these spectra in the gas phase.

As a first step the electronic absorption spectesewobtained in neon matrices at 6 K.
This was achieved using a cesium sputter sourceprtmluce the carbon anions,, C
then co-deposition of the mass-selected speciek wesicess of neon to trap the anions
in the matrix thus formed, and finally the neutealtities were generated by photodetachment
of the electrons. By this means the electronic tspeaf the carbon chains anions, G=3-13,
neutrals G n=4-21 [2], and most recently of cations,” Gh=6-9 [3], could be observed
and identified. With this information in hand, gpkase spectra of those species possessing
electronic transitions in the DIB range [4], 400099m, were aimed for. These were obtained
for a number of carbon cation, neutral and aniaarehusing supersonic free jets through which
a discharge runs. With acetylene seeded in a rasengmerous such carbon chains can be
produced as diagnosed by mass-spectrometry. Thragle transitions were then observed
in absorption with pulsed and cw cavity ringdown thoels for the cations and neutrals
and photodetachment processes for anions. Thisirm dllowed for the first time a direct

comparison of laboratory spectra with astronomicahsurements [5].
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All the comparisons proved negative, including thdsr bare carbon chains;,GCs [6]
and for species which are known to be present iffush medium, e.g.,, £ [7].
However the upper limits to the column densitiesveel, typically<10'* cmi?, are consistent
with the values obtained for the species detectgd rbtational spectroscopy [8].
Thus even though species with column densities raraihe latter values can be detected
in the mm-range, the relatively modest values @& dscillator strengths of the electronic

transitions, e.g. around 0.004 fogHCwith origin band near 521 nm [7], would lead téBD

with an equivalent width (EW) of less then 1 Am a hardly detectable DIB.
Several such comparisons, lead to the conclusianRbuglas’s hypothesis that carbon chains
Cn, with n lying in the range 5 - 15 are good DIB cdaates can be excluded [9].
More generally, this statement applies not onlythe bare carbon chains but to also to their
derivatives such as those containing a hydroggid, Gomprising up to around a dozen of atoms.
The consequences of this are illustrated with egfee to study, which detecteds C

in diffuse clouds [10] and summarized in Table 4.

Table 4 Estimation of column density of a longer abon chains based on the expected oscillator stretig
of its’Z « X lZ;transition and the observation made for a rotationa line in the ‘M, « X lZg
system of G in diffuse clouds (ref [10]).

| EW @A) | f | N@m™?)
C; | ~107* | ~1072 | 10"
Cpeat | ~1070 | ~10 | 10"

The rotational lines identified corresponded t@istellar absorption lines with EW of 0.1

mA and summing over all the rotational lines gavetaltcolumn density of around *facm?

(the N value given in Table 4 is for an individuatational level of G). The electronic transition

detected, the origin band of the ‘M, —« X *Z* Comet band system, has an oscillator strength

of J0.02. Thus to observe one of the stronger, namr@i®s, with EW of 0.1A and FWHM
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around 1,&, either the column density of the species hasettwwm orders of magnitude larger

than for G or the oscillator strength,f, has to be correspondingly bigger.
The latter is the situation with the £y chains for their A 'S — X 'Z! transition.
This transition is found around 170 nm for; @ith an f value of around unity [11].

The wavelength of the transition shifts by regum@rements with the length of the carbon chains

as can be seen in Figure 1-1 &sdales nearly with n.

1300 |
1200 f
1100 [
1000 |
900 I
o 800
700 F
600 |
500 |
400 |
300 f

Figure 1-1 Wavelength dependence of the electronti@nsition (origin band) on the number of carbon abms
for two series of carbon chains. The 400-900 nm DIBange is indicated.

Thus these odd-numbered chaing;, CCi9 ... up to, say, & have these electronic
transitions in the 400-900 nm DIB region wittvalues in the 1-10 range. Their spectra have

been observed in absorption in 6 K neon matricesufoto G; [12]. In Table 4 G, is taken

as the example: to obtain a DIB with EW of ®1would require a column density of 1@m?,
not an excessive amount. As a consequence thentgoal is to obtain the spectra of the chains
of this size, as yet unsuccessfully.

The approach used for this purpose is resonancaneatl two-photon ionization (RE2PI)

combined with a laser vaporization source as ilaietl by Figure 1-2.
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_Cn*
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Laser ablation source
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v —L—c

MCP-detector ——» I

Figure 1-2 Technique used to measure the electronigpectra of the Ggring in the gas phase involving
a two-colour excitation ionization scheme.

A tunable laserX;) scans the region where the electronic transitamesexpected in view
of the spectra observed in neon matrices, and qubsdy ionization is induced with
a R, 157 nm laserX;). As the mass-spectrum in Figure 1-3 shows, theglsoafter G7, Cyg ...

species are formed.

T T T T T T T .
150 200 250 300 350 Mass (a.u.)

Figure 1-3 Typical mass-spectrum obtained from thelaser vaporization source, using a 157 nm laser
for the two-photon ionization.
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However the RE2PI approach using nanosecond |dadesl to detect the transitions
suggesting that the lifetimes of the excited eteutr states are in the picosecond range.
On the other hand the electronic spectra gfadd G, could be observed [13].

The similarity of the G origin band profile to the DIBs may suggest tha¢ should look
also for the laboratory spectra of cyclic ring ot with large oscillator strength. For such
a purpose we have built up an instrument baseeuofe trap to measure such spectra of large
cations, which have been collisionally equilibratéal 20-30 K temperatures pertinent
to the diffuse interstellar clouds. Low rotationsmperatures are more easily obtained
in supersonic free jets, but the vibrational moaesnot cooled. The first measurements with this

instrument were to demonstrate that both the mtatand vibrations have been relaxed.

1.3 Laboratory electronic spectroscopy on molecular

lons.

1.3.1 N->O and 1,4-dichlorobenzene cations.

A significant challenge remains the measurementthef electronic spectra of large
molecular ions in the gas phase and at low intetewperature. Problems include low ion
densities and spectral congestion due to the presarspecies with overlapping absorptions and
vibrational hot bands. Sometimes it is feasiblgéoerate sufficient densities of molecular ions
in a plasma or discharged supersonic expansionhab laser absorption, laser induced
fluorescence, or cavity ringdown spectra can beorcEr. However, due to the chemical
complexity of plasma environments there are oftdéficdlties in associating spectral features

with a particular molecular species.
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An alternative approach to obtaining electronic ctq@e is by resonance enhanced
photodissociation, exposing the molecular ions tturzeable laser beam in a tandem mass
spectrometer while detecting photofragment ions aasfunction of laser wavelength.
The advantages are that the parent molecular indsphotofragments can be mass-selected
removing any ambiguity in their identity, and th#te photofragments can be detected
with almost unit efficiency conferring high sensity. In some cases, such agN, it is possible
to access predissociative rovibronic states throtinghabsorption of a single visible or UV
photon. Alternatively, if a single photon does rmbvide sufficient energy to fragment
the molecule it is possible that absorption of iplédtphotons will. For example, many organic
ions undergo rapid internal conversion from exciégttronic states, yielding vibrationally hot
ions in the ground electronic state. If the vibyatl energy exceeds the fragmentation threshold,
the ions can dissociate. Otherwise, the absorpti@nhal conversion process can continue until
the ions have sufficient energy to dissociate.

The resonance enhanced photodissociation approashbben used for many years
employing a variety of different mass spectrometard ion traps. [14] One common difficulty
is that the molecular ions have considerable iadeznergy due to the violence of the ionisation
process, so that the electronic spectra are cajestd difficult to interpret. This is a particular
problem for larger molecules. In order to circumvéms difficulty an apparatus has been
developed in which the ions’ rotational and vibvatl degrees of freedom are deactivated
by helium buffer gas collisions in a cryogenicatiyoled 22-pole radio frequency trap. In this

paper the technique's advantages are illustratedpiegenting the rotationally resolved
A 23" — X M}, spectrum of MO and the vibrationally resolvedd *B,, — X B,

spectrum of thep-DCB” radical cation. Both molecular ions have been exttbfo previous
studies. The BD" cation is well understood having been investigateensively through optical

emission, [15] lifetime, [16] and photodissociatistudies. [17-19] Previously, the ,®

A 25" — X 2N, electronic spectrum has been obtained by detedtiegNCG fragment,
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a strategy that is effective because the higherrorib levels of the A 25* state

are predissociative and lead to production of 'Nfdd O atom fragments. For thé level

of the A >T* state, which is accessed in the current studywirardl6 % of the molecules
fluoresce with the remainder dissociating. [16]

Thep-DCB' radical cation was investigated initially using tlechniques of photoelectron
and emission spectroscopies in a molecular beadj,d@d later by absorption in the rare gas
matrixes. [21, 22] From pulsed electron beam etoitaand emission intensity measurements

it has beerestimated that the internal conversion rated§'* s. [20] As discussed in latter

article, fluorescence from thB ’B,, 0° level is weak, a situation attributed to rapidemal

conversion mediated by coupling with tie ’B,, state. The current study is the first time that

a high-resolution gas-phase spectrum has beenteepor

1.3.2 2,4-hexadiyne cation.

One of the challenges related to astronomical ebsens, in particular of absorptions
in diffuse interstellar clouds, is to measure ia taboratory the electronic spectra of larger and
transient ions where not only the rotational bsbalibrational degrees of freedom have been
equilibrated to low temperatures. Once these becara#dable, a direct comparison of the two
sets of data can be made [23] with the objectivedentifying the carriers. A number of such
studies have proven possible in the last decadprdgucing cold smaller polyatomic cations
in pulsed discharge sources and measuring thettretec absorption spectra with sensitive
techniques such as cavity ring-down with pulsed andlasers [24]. The species could be
identified by analysis of the rotational structure the spectra and/or previous knowledge

on the location of these electronic transitionsrfrabsorption measurements of mass-selected
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species in neon matrices [2]. In the case of aniand transient neutral species, identification
of the molecules can be made by mass-selectiog asitti-photon dissociation processes.

The usual approaches to study the electronic speétcold ions in the gas phase have
used molecular beams. This leads to low rotatioe@peratures but not all vibrational modes
are relaxed. For this reason some experiments haea carried using ions cooled to liquid
nitrogen temperatures for laser induced fluoreseeji@] or photodissociation studies [25].
Another interesting way to improve the quality atk spectra was been using tagging methods
[26], whereby a rare gas is attached to the ioemgaon. The spectra can become significantly
sharper, but the rare gas causes a shift in transghergies compared to the bare ion [27].

Thus the goal of the present experiment is to réath the rotational and vibrational
motions by collisions to low temperatures as perttrto the interstellar medium, e.g. 10-50 K.
In this mass-selected ions are injected into ad2-mdio-frequency trap where they are brought
to the low temperatures by collisions with cryogatly cooled helium gas [28]. The electronic
absorption is induced by tunable laser excitatiod ¢e process is detected by production
of fragment ions either in one or several photatpsses.

Whether the cooling has been achieved can be slwmwsmall ions by the resolution
of the rotational structure (e.go®" in ref. [28]) but for the lager organic ions swusthucture is
not resolved. This has been circumvented in thuslystby choosing an ion with K-structure,
l.e. a system with hydrogen atoms off a centrab@archain axis, which can be observed
with modest laser resolution, 2,4-Hexadiyne caisothe example chosen enabling the rotational
temperature to be determined. It was importanthtoasthat also such large ions are efficiently
cooled in the trap and the proof is provided here.

Related approaches employing photodissociation haes carried out in the past using
icr or tandem mass-spectrometers [29, 30], thountlirgy by collisions with helium atoms
to low temperatures as 10-20 K was not implemeraed,most of the experiments sampled ions

with not well defined internal energy [31]. Howe\his is a crucial aspect for the measurements
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aimed at astronomical observations. In order toatestnate the approach, a large organic cation

was chosen, 2,4-hexadiyne isomer gHE, because its electronic spectrum,?E, — X ’E,

transition, has been characterized in molecularmisean emission [32], by laser induced
fluorescence [33], and the excited electronic dedds to fragmentation. Precisely, on formation
of the upper state, there is competition betweaoréiscence to the ground state and dissociation.
Both these decay channels have been studied; odetbymination of the fluorescence quantum

yield [34] and the other via branching ratios agment ions [35]. For example on production

of the ion in the lowest vibrational level of theciéed *E, state, ~ 74 % of the time the ion falls

back down to the groundz 2Eg state, and the rest fragments to produce dominaBths’
with minor amounts of gH;" and GH,". As the measured breakdown curves show,
the yield of GHs" and GH," remains constant (around 0.20 and 0.05, respégtioe increasing
the internal energy in theE, state by around 4000 ¢hiz4].

Because the ion is a symmetric top (with assumegd spmmetry) the K-structure
(rotation around the carbon containing axis) withine A ’E, < X 2Eg transition can be
observed with modest resolution, enabling the teatpee to be read-off from the spectrum.
By this means the viability and the concept of #mproach has been tested and the results
are presented here. Most striking is the improvamenquality of the spectrum showing

numerous narrow vibronic bands with increasing dexify as the upper states are accessed,

in part due amplification of weaker bands by sditana This new spectroscopic information

on the vibrational manifold in thé ’E, excited electronic state is presented.

1.3.3 Polyacetylene cations.

A number of polyacetylene cation chains have bdadied in neon matrices [36, 37]
and in the gas phase. [38-43] Interest in thesecispestems from the observation
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of hydrocarbons in combustion and interstellar emments. [44-47] In terms of astrophysical
relevance, large carbon chains are often specuéstdxting possible carriers of the unidentified
absorptions in diffuse interstellar clouds. In thiEn, spectroscopic studies in the laboratory
are essential for astronomical assignments and elpghe detection of new species
in the interstellar medium. Approximately 100 bétmore than 130 molecules that have been
detected in the interstellar medium or circumstedl@ells contain carbon. Because microwave
spectra of the linear polyacetylene cations areamatlable due to their centrosymmetric nature,
electronic spectroscopy offers a means of ideattiin in the diffuse clouds.

It is crucial for a molecule to have a stroglgctronic transition moment in order
to assist astrophysical detection. One way to sefmcstrong optical transitions is to examine
longer hydrocarbon chains for which the oscillaatrength scales with size. [9] Carbon atoms
have an ability to easily create covalent bondshwitemselves and form larger systems,
both ringed and linear. While smaller acetyleneirchare apt to self-reaction, [48] larger ones
are predicted to be important intermediates towhedformation of soot, and thus may display
higher stability. [49, 50]

It has been suggested that the degree of ionizatianterstellar clouds could be quite
large. [51] The ionization potentials of the polgadene hydrocarbon chains have been
measured up to HEl, and the trend shows that while diacetylene’su@als 10.2 eV,
that of all larger carbon chains is less than 9 [8¥, 53] Thus there may be a large abundance
of such ionized species located in the diffuse d¢tou

Electronic absorption spectra obtained in 6d6n matrices already exist for the large
acetylene cation series, [36] however gas phaseesabre needed for direct comparison
with astrophysical observations. In this papeulteautilizing a technique that has been recently
developed in Basel for measuring the gas phaserapeof collisionally cooled ions using
a two-colour two-photon approach are presented,. l&#s are typically cooled to vibrational

and rotational temperatures on the order of 30-80ninicking conditions that are relevant
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in diffuse interstellar clouds. Such low temperasualso eliminate the presence of vibrational
hot bands, rendering assignments of the origin lstmaaghtforward.

While the neutral polyacetylene chains havenbevell documented and studied
up to HGgH in the gas phase, [55, 56] the cations have babn studied up to HgH", with
origin bands for HGH® (n = 4,6,8) having been rotationally resolved. o3dé for n=10
and greater will have rotational constants on tiieoof 0.01 cnt or less, [38] thus creating
difficulties in trying to elucidate the spectroseoptructure of these larger chains.

Previous observations of the absorption specir the A 2l — X M1 transition
for HC;oH™, HCi4H® and HGgH" in 6 K neon matrices locate the origin bands at.®3m,
1047.1 nm, and 1159.8 nm respectively. [36] Typyc#he gas phase transitions for smaller
polyacetylene cations are blue shifted by 100-180 with respect to the neon matrix values.
[38] Taking into account such shifts places thesanditions at 923.1 — 925.7 nm,
1033.3 — 1036.5 nm, and 1142.9 — 1146.8 nm in #sephpase. As the number of carbon atoms
increases the stromy®M — X 21 electronic transition of the polyacetylene catishits linearly

(in nm) to the red.

1.3.4 Protonated polyacetylene cations.

Previous studies of the protonated polyacetylen®mtsa include data from calculations,
[57-60] mass spectrometry, [60-62] and matrix-isola experiments of their electronic
absorption spectra; [63] to this day the gas plsasetra have not been reported. To measure
these an apparatus has been built which incormotate cooling capabilities of a 22-pole ion
trap. [28] Thus thermally cooled species can betspgcopically interrogated.

The protonated polyacetylenes were chosentduéeir chemical and astrophysical
significance. Unsaturated hydrocarbons have bhewrs to be present in the ISM and model

predictions also anticipate the presence of largalyaoetylenic chains. [45, 46]

24



As many chemical reactions in the ISM are of tha-nwlecule type, then protonated
polyacetylenes stand out as important intermediatielging the gap in the chemistry of carbon
chains and cumulenes. [64]

To make significant comparisons to astroplatsobservations it is necessary to create
ions both rotationally and vibrationally cooled. refAious studies have employed pulsed
molecular beam methods to produce cold polyatomimis. [24, 65, 66] While these methods
have proven useful in rotationally cooling the teelaspecies, spectral congestion is still present
due to the fact that many of the vibrational modes not fully relaxed. In this experiment
a desired species can be collisionally relaxedragping the ion in a cryogenically cooled He
bath. Both rotational and vibrational motions cam duccessfully lowered to temperatures
comparable to the interstellar medium (10-80 K).

The approach used has been previously tested dne-photon experiment in which
2,4-hexadiyne cation was cooled and photodissati#&] In the latter an electronic absorption
was induced using tunable laser excitation angtbeess was monitored through the collection
of fragment ions. Thus th& °E, — X °E, transition of GHs" was observed and it was shown
that rotational and vibrational temperatures of3®@ere attained. In the resulting spectrum all
vibrational hot bands were suppressed due to tivetédonperatures that were reached through
the use of cooled helium in the ion trap.

A two-photon one-colour process was utilizedd tstudy the spectrum
of p-dichlorobenzene cation. [28] Here the ions wereeoagain mass selected and cooled
in the same helium filled ion trap, but this timeot photons were required to probe
the B Ba, — X °Bgy transition ofp-DCB”, as theB °Bs, state is bound. A rich vibronic structure
was observed and vibrational modes were assigndteirexcited states. The photofragment
spectrum itself was due to the absorption of twootphs of the same colour

in a process involving sequential internal conesi
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In this present study a two-photon two-colophotodissociation spectrum
of a collisionally cooled trapped cation is repdrteThe resulting measurement is the first gas
phase spectrum of a protonated polyacetylene speBiegeviously reported electronic absorption
spectra in a 6 K neon matrix [63] pinpointed th@rapriate region to scan in the gas phase.
Besides locating the origin band for the three,HC (n = 4,6,8) species, the matrix results were
also able to provide useful vibrational frequencies both the ground and excited states,

which in turn led to the assignment of thg Gature of the protonated polyacetylenes.

Chapter 2 Experimental.

2.1 Apparatus.

The apparatus (Figure 2-1) consists of an eleatrgract ion source, a quadrupole mass
filter for selecting the desired molecular ion, rgagenically cooled RF 22-pole trap, a second

quadrupole mass filter for selecting the chargemt@ihragments, and a Daly ion detector. [68]

Ion source Quadrupole 22-Pole Trap (6 K) Quadrupole HV Electrode

N

Electron Gun Lenses Helium Gas Photomultiplier Laser

Figure 2-1 A schematic outlay of the 22-pole ion &p instrument.

All chambers are mounted on ball bushings that along a track consisting of two

(0 2.5 cm) stainless steel rods. This makes it vergvenient to open the chambers for
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alignment, cleaning, or replacing components. Tingostat cold head is also supported
on a track that is oriented perpendicular to thenrtracks, for opening up the chamber.

The system is evacuated by 5 turbo pumps. The soohamber is being pumped
by one turbo pump TMU 261 (pumping speed 210 lfs) &y its own membrane pump.
The chamber is separated from the rest of the mysie a differential wall. This is done to
protect the quadrupole mass filters from being ateet at relatively high pressure<(®° mbar)
and to avoid gas condensation on the cryogenically 22-pole trap. The differential wall has
a small orifice I 1 mm), which restricts gas flow and subsequenbhyelrs the pressure
in the trap region by a factor of 100.

Each of the other four chambers is equipped wighsdime model turbo pump as the source
chamber. Exhaust lines of four turbo pumps are @oeabusing long stainless steel bellows,
about 2.5 cm in diameter, which are then pumpedbygua small turbo and membrane pumps.
Membrane pump is used to avoid oil contaminatiorthef system. When one breaks vacuum,
the apparatus is filled with Ar gas to avoid wadttachment to the inner walls and surfaces
of the system. This procedure significantly shastre subsequent pumping time.

The system is sealed by conflate (CF) flanges, woth copper gaskets. The entire system
reaches pressure as low ad@® mbar after 2 weeks of pumping. Pressures insideliambers
are measured using Pfeiffer Vacuum Compact Coltidckst Gauges, type IKR261. The fore line
pressures are monitored using a Pfeiffer CompaanP&Gauge.

All electrical electrodes, ion sources, etc. aredenaf stainless steel, with the only
exception being the 22-pole ion trap, which is madeof oxygen free high conductivity copper

(OFHC copper) for good performance at low tempeestu
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2.1.1 lon source.

Figure 2-2 shows the assembled and ready-to-ussoiarce.

Figure 2-2 Photograph of the ion source, includinghe part of lens E2 that protrudes past the differatial
wall.

The ion source is a low-pressure electron impacarcg and is housed in the source
chamber. It consists of an oven to vaporize thiel sample and a gas inlet, which introduces
flow of the gaseous or vapors of volatile substartoean ionization region of the source.

The oven, shown in Figure 2-3, is a stainlessl digure, about 5.5 cm in length

and 2.5 cm in diameter, that is threaded on theidelt
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Figure 2-3 Photograph of the oven (outer shield anibnizer have been removed).

The oven is wrapped with a heating element that dasvin core heating element.
This has the major advantage that when currentsfldwough the heating element, it actually
flows through each section of the element in bathations, thus canceling out any magnetic
field, generated by the electrical current. Thiscigical for creating a reproducible ion flux
that is not disturbed by the generated magnetid &6ethe oven heater.

A stainless steel sleeve slips over the heatingnet¢ helps to minimize heat loss
and reach a maximum temperature of 1000 K. Theé¢eature is measured by a thermocouple
through a hole drilled into the stainless stedbifie.

The oven is loaded with the molecule of interestd @ cap is screwed on that has
an orifice (J0.5 mm). This is centered on the ionizer show guFe 2-4. The entire assembly

is then surrounded with a second stainless stestidmeld as well.
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Figure 2-4 Electron Impact lonizer.

The ionizer contains a thin Thorium doped tungstére (Goodfellow, 99.4 % W,
0.6 % Th, annealed] 0.1 mm) mounted on four electrically isolated leokl Heated by 2,2 A
electrical current the filament emits electrons th@ center of the ionizer. The electrons
are additionally accelerated by a negative poter{i@ — 30 V) applied to the filament
with respect to the ground. The principle electriseshematic of the ionizer is shown

in Figure 2-5.
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+| DC Power Supply [— |
Max 15V, 10 A

+| DC Power Supply [—
Max 250V, 0.25 A

Figure 2-5 Schematic electrical connection of th@nizer.

lons are created in a small cylindrical piece maflenetal mesh (9 mm in diameter,
11 mm long). The cylindrical mesh is mounted onlfe& mm from the orifice of the oven.
The mesh is held at a positive potential in a raig@.05-5.0 V. This potential actually defines
the potential energy of the charge particles. mested within the mesh can then escape through
the mesh if they have more than 5.0 eV of kinetiergy. Otherwise, they will be trapped
and can only escape through the extraction lengesthe first quadrupole. lons created by an
electron impact in the inner volume of the cylimadiimesh are then extracted by the electrode,
which is usually at —15 V negative potential.

The entire ionizer assembly mounts onto the ougat Ishield of the oven, and the last

element of the assembly, an extraction lens, slidés the sleeve (Figure 2-6) of a set
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of electrical lenses mounted in the next chamb@&iogether, these electrical lenses couple
the ions produced in the source into the first qupdle mass spectrometer.

The fixed voltages on the ion lenses are controbgda bank of resistance dividers
that can be connected to either +15 V or —15 V pasupplies. The voltages are set by a 10-turn
potentiometer, and can be individually monitored dpnnecting them to a built-in voltage

monitor. The entire panel was built by Georg Halek in the electronics shop.

Differential pumping wall Floating box containing QMS1

outer oven heat shield
shield at -9V to direct
electrons into mesh cylinder i
Stainless Steel
support for mesh cylinder

This portion of lens E2 is attached
to the box containing QMS1

This portion of lens E2 is
attached to.the ion source.

mesh cylinder
held at about +0.0

ceramic mounting ring\l":

Lens E3, -13V

ceramic spac

Lens E2, +15V,
drop to about +1V to

Lens E1, -13 )
extract ions

Figure 2-6 Schematic diagram of the ionizer and erdction lenses.

2.1.2 Quadrupole mass filter.

2.1.2.1 Technical detalils.
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Figure 2-7 A drawing of a quadrupole. Colours indiate connected pairs of the rods.

A quadrupole is just a particular case of a mulépdt has four round rods (Figure 2-7)
that are connected to two outputs of RF generdtour mutually parallel, high mechanical
precision, electrically isolated electrodes aremted such that the electrical field between them
is hyperbolic. Opposite pairs of rods are typicalgctrically connected, yielding a requirement
for two electrical connections to the quadrupole.

While some manufacturers have chosen to fabricagfle precision hyperbolic surfaced
electrodes, a common way to manufacture a quadzupdb orient four round poles such that
their centers coincide with the corners of an imagy square. The round poles are oriented such
that the distance between the faces of oppositspsinominally 1/1.148 times the rod diameter.
This ratio is chosen such that the geometry ceotehe quadrupole approximates an ideal
hyperbolic field.

The first electric quadrupole in the apparatus isreaurrected Extrel quadrupole,
built in 1995. It has a 9.5 mm diameter quadrup@gembly, with a radio frequency supply that
provides 300 W of power at 880 kHz and a mass raf@00 Daltons. The DC power supply
is a model U-1272. The RF power supply is a madelQC quadrupole power supply.

The second (analysis) quadrupole is a Nermag meitlel12.5 mm quadrupole diameter,

operating at 960 kHz with a mass range of 2000dDalt
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2.1.2.2 Principle of operation.

Resolving
+DC
RF Drive Unit || Pole Bias
DC ‘
Resolving
-DC

Figure 2-8 Schematic of typical quadrupole power quply connection.

Figure 2-8 shows a schematic of connection for @cat quadrupole power supply.
In order to operate a quadrupole one has to pravicambination of precise DC and RF voltages
to the rods. Typically a constant RF is in the mn§ 700 kHz to a few MHz. A high voltage RF
transformer circuit has a single primary and tweoselaries, which are 180 degrees out of phase
with each other. There are alsgsolving DCandpole bias offset D@ower supplies. The pole
bias DC power supply determines the centerlinemiatieof the quadrupole (i.e. same potential
and polarity added to both pairs of rods). Two hdag DC supplies provide equal magnitude
but opposite polarities to each pair of rods. Tléeptials for both of these DC supplies are
biased from ground by the pole bias supply.

The motion of a particle of charge-to-mass ratio in the potential field of the quadrupole

can be described by the differential equations:

dx el[2v, -V ]
=+ —| —%-—2cosQt |x,
dt® m o

dZZ—E N ;V“ cosQt |y
dat® m| rg

and
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where m is the mass of the ion, e is the chargenddlectrony,. is the applied zero-to-peak RF
voltage, V4 is applied DC voltagey, is the affective radius between electrodes &hd
is the applied radio frequency.

Each of the above equations is thus a special aatiee Mathieu differential equation,

which in its general form is usually written

d?u

dé?

SN TS TS
0 0

The Mathieu equation is solvable in an infiniteiesgr

+(a, —2q, cos2&)u =0,

u=r iCZn exp2n+ B E+T iCZn exp-(2n+ Bi&

n=-c0 n=-c0

which obviously reduces to a similar infinite surhsine and cosine functions. But for our
purposes, it is acceptable to simply consider iajettories to be infinite sums of sine and cosine
functions in x-y plane, with each successive teravitg smaller amplitude and higher
frequency.

For a given system, the amplitude of the voltages faequency determines which mass
(or range of masses) will have stable trajectorieshe x-y plane and thus pass through
the quadrupole in z direction. lons having unstatogectories in the x-y planes will be
neutralized by striking the quadrupole electrodes.

It was shown that a particle of an any mass haaldestrajectory if the values af, andq,
are within the region bounded by curves [69]

1, 7 4, 29 4 68687
+ Qv — q, +
2 12¢ 2304 1887436

q® corresponding to the special casgsf 0,
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Figure 2-9 One of the stability region of Mathieu Dagram calculated based on equations from referendé9].

Figure 2-9 shows the particular stability regionMéthieu diagram in two dimensions
(x and y). The stabley, oy, a,, gy, values are constrained within the solid boundargves:

black corresponding 16, = 0, red to5 = 1, green t¢g3, = 0, blue tog, = 1.
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Figure 2-10 Expanded view of stability region of M¢hieu diagram with suitable substitutions for a andq
to convert into RF and DC space for mass 300 and®mm quadrupole operated at 880 kHz.

Figure 2-10 is an expanded view of the stabilitgioa of Figure 2-9, with suitable

substitution for the Mathieu parametexs oy, ay, gy to convert the axes into RF-DC voltage

space form/z 300, with r, =ﬁ calculated based on a 9.5 mm round Extrel quadeupo

rod diameter, and operating frequenf:y:2g =880 kHz. For any set of RF and DC voltages,
s

one could read directly from this figure whethendaofm/z300 would have stable trajectories
through a 9.5 mm quadrupole operated at 880 kHgz.dvident from the figure that when no DC
voltage is applied to the rods, the quadrupole bélloperating in an integral (ion guide) mode.
Straight (solid and dashed) lines show simultanetasge of DC and RF voltages upon a
mass scan. The dashed line is a low resolution apdnsolid one is a high resolution. Mass
resolution can be increased by simply raising tbpesof the scan line and lowering its intercept

with the triangle (stability region).
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2.1.3 22-pole radio frequency ion trap.

Multipoles are widely used in many different apations. In general a multipole can be
driven as an ion guide or trap. To guide ions @gateramplitude of radio frequency is usually
applied to a multipole. By adding a small DC flealtage to the RF amplitude one can either
accelerate or decelerate ions. A multipole of acigheconfiguration can be used for more
challenging purposes, for instance, focusing aggahparticle beams to a relatively small sizes
[70].

In order to trap ions additional two electrodesha entrance and in the end of a multipole
are required. By applying DC potential to these ®lectrodes one can accumulate, store ions
in principle infinitely. Once ions are trapped ihsiof a multipole one can do many of different
studies, e.g. chemical reactions [71], collisiorexation and dissociation of cluster ions [72],

or resonant photofragmentation spectroscopy [28]ed0.

2.1.3.1 Technical details.

The 22-pole trap (Figure 2-11), which follows thesin of Gerlich, [71, 73] consists
of 22 stainless steel rods (1 mm diameter, 36 mgtky equally spaced on an inscribed radius

of 10 mm.

Figure 2-11 22-pole RF lon Trap.
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The described geometry derives from the alreacgbished [74] important equation:

where R: rod radius;rq: inner radius of the rod arrangement or the skedatrap radius
and2n: the number of rods.

The 22-pole trap is made almost entirely out ofgen-free high conductivity copper.
Two flat pieces of copper on sides have arrayslohdles drilled into them. Rods were finally
press-fitted into them. The rods were cooled to temperature and at the same time the copper
was heated up. Straight after the rods were quicidgrted into the copper pieces, so that when
the copper cools, they are rigidly held in pladdtad time.

In the Figure 2-11, it is clearly seen that thesraate only supported on one end
(look at the left end of the rod assembly, and walli see that half of the rods do not extend
far enough to touch the copper plate). This wasedespecially to avoid electrical contacts
between two sets of rods on opposite copper halders

Moreover copper holders are electrically insulafemn the copper trap housing by thin
sapphire (AIO3) plates, which have no electrical conductancehHawe a relatively high heat
transmission. Indium foil was placed between thgpbae and copper edges to provide optimal
thermal contact. Being very soft, indium leaks iatbsurface imperfections providing the best
heat conductance.

The rod assembly is enclosed bylashaped copper cover. The cover is screwed down
onto the trap housing to enclose the box and pteyesfrom escaping quickly. It is electrically
isolated from the oscillating voltage of the endgdaby the long cylindrical ceramic insulators
that fit into the hemi-cylindrical grooves. Twoeashown in Figure 2-11on top of the copper
endplates. Two additional ones go in the two gesown the front of the trap, as seen

in the figure, and two more go in an analogous pHirgrooves on back of the trap.
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These last four cylindrical ceramic insulators haviole bored through them through which a
screw passes to hold the top of the box onto thelengystem.

The copper box that contains the 22-pole trap isintexd on the second stage of helium
cryostat and is additionally surrounded by a hdaeld of highly polished aluminum that
is bolted to the first stage of the cryostat. Télseld is closed on all sides in order to avoid
radiative heat transfer from the room temperatureosindings.

Leybold COOLPOWER 5/100 cold head is used as astayowhich can provide 6 W
of cooling power at 20K, 100W at 80K. The cold hemagowered by the Leybold COOLPAK
6000 compressor unit. A thin foil of indium condsitieat between the trap housing and the cold
head. Electrical connection wires and the heliuffiebigas line are precooled on the first stage
of the cryostat to a temperature of 80 K beforaditnent to the trap. To measure the
temperature of the trap a calibrated silicon dieslenounted in the base of the 22-pole trap
housing. The lowest temperature achieved is shigitibve 5 K.

It is imperative that no electrical connectionstthee subject to the low temperatures
of the trap are made with solder. Under low temioees and repeated temperature cycling,
solder undergoes a phase change and becomes gtilee kesulting in flaking and unreliable
connections under these conditions. Furthermoreth&ap moves by about 3 mm when cooled
down to 5 K due to thermal contraction of the cdblegad. Thus, the cold head has to be
on a translatable mount so that it can be alignedmwcold. A Linos telescope with cross hairs
was used for proper alignment. The objective is.2x Inagnifier and the two eyepieces
are f 2%, 10x. All electrical lenses, quadrupoles, etc. have dbdity to mount crosshairs

on them (including the 22-pole device), and thedebpe can be used to align these objects.
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2.1.3.2 Principle of operation.

The rods are alternately connected to the two asitptithe RF generator which is built
according to the principles described in [75]. Tihep operating frequency was in the range
of 1.5 - 2 MHz while the RF peak-to-peak amplitweles in the range of 40-100 V. In addition to
the oscillating voltage the system is floated tpo#ential of +0.4 V, so that the sine waves are

not centered at 0 V (Figure 2-12).
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Figure 2-12 RF applied to opposite sets of rods tfie 22-pole trap. The RF amplitude, as well as th#oating
voltage values in the figure, are taken just as aexample.

With these parameters the 22-pole trap has a dogfpotential of approximate cylindrical
symmetry, and rising steeply near the peripheryh(\an R° dependence, Figure 2-13) leading
to a large field free volume where the ions argdfr unaffected by RF heating and can be

effectively thermalized by helium buffer gas coglin
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Figure 2-13 Cross-section of the effective potentiaurface for a quadrupole, octopole and 22-pole.

The base plate of 22-pole trap has three holet jast barely visible in the Figure 2-11,
which allow a stream of gas to enter. The actaaliglets are on the opposite side of the base
plate, so that gas has to flow through the cole Imdate before entering into the trap.

Helium is leaked into the trap using a continuceeklvalve from Leybold. The pressure
in the trap was estimated as »510* mbar corresponding to a helium number density
of 4 x 10" cm® at 10 K. Because the gauge (pressure meter) istedwutside the trap there is
no direct pressure measurement. It is thoughttheapressure inside the trap is actually about a
factor of 5 higher. The pressure gauge calibrated for mdads 1.5-2.5x 10° mbar.

For He the pressure is about a factorsoh@gher & 10* mbar).
Assuming a Langevin rate coefficientfL0° cnt s*, bimolecular thermalising collisions

occur at a frequency of 4 x 10° s*. Therefore the ion temperature is expected to cambr
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the ambient trap temperature in a few millisecohaiss are left to cool inside the trap for 70 ms
prior to firing the probe laser(s).

A potential of about 1.3 V was applied on the teagrance lens and of about 1.9 V
on the exit side. The trap itself was floated at ¥. with respect to the ground. The idea
Is to impinge the ions onto the trap with kinetreesgies between 1.3 and 1.9 V, then use helium
collisions to cool them so they are trapped beloe 1.3 V entrance potential. All these
potentials can be slightly different for a varietiyions. The small differences here come from
the fact that the production and trapping condgidor different ions require different electron

energies for electron impact, and slightly diffarertraction and trapping potentials.

2.1.4 Daly detector.

lon detectors are widely used for many applicatiass well as for mass spectrometry.
The simplest ion detector is a Faraday cup. It metal cup that is usually placed in the path
of the ion beam. It is attached to an electroms&thich measures the ion-beam current.
A Faraday cup is capable of measuring both caaod-anion-beam currents. Because a Faraday
cup can only be used in an analog mode it is lessitsve than other detectors that are capable
of operating in a pulse-counting mode.

A channeltron is an ion detector which can be dpdran pulse counting mode and
consequently is more sensitive. It has a horn-ghapatinuous dynode structure that is coated
on the inside with an electron emissive materigl.applying a high potential to the dynode one
creates continuous potential distribution along tmanneltron. The high negative potential
at the entrance continuously decreases till theréliron end. An ion striking the channeltron
creates secondary electrons that have an avalaftdwt to create more secondary electrons

and finally a current pulse.
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The principle similar to channeltron is used in mahannel plate (MCP) detectors.
A MCP consists of an array of glass capillaries-260um inner diameter) that are coated
on the inside with a electron-emissive materiale Thpillaries are biased at a high voltage, and
like the channeltron, an ion that strikes the iasidll one of the capillaries creates an avalanche
of secondary electrons. This cascading effect eseatgain of 10to 1¢® and produces a current
pulse at the output.

All the detectors briefly mentioned above are ugualaced in the path of the ion beam.
To circumvent such difficulty one may to use a Dditector. This type of an ion detector
was introduced by N.R. Daly in 1960 [68]. A Daly teletor (Figure 2-14) consists
of a conversion dynode, scintillator (BC400 plasscintillator, 0.5 mm thick, from GC
Technology GmbH, Freidling 12 D-84172 Buch am Ecthaq and photomultiplier tube
(R647 Hamamatsu PMT).

A critical feature of the scintillator is that iak been coated with a thin aluminum coating
(slightly transparent), so that the burst of elatércoming from the dynode must pass through
this aluminum coating prior to exciting the phosphihis has two advantages. First, the highly
reflective aluminum coating greatly reduces theensity of scattered laser light that hits the
detector, thereby reducing the background signalSecond, photons emitted from
the phosphor that are going in the wrong direcaom reflected back to the PMT tube, so that
they are detected. The scintillator was customezbatith aluminum for the J.P. Maier group
by the Department of Materials Science and MetgyiuNew Museums Site, Pembroke Street,
Cambridge CB23QZ, UK. The scintillator has a sipaise output, roughly 10 ns.

The dynode is a high polished metal knob at a megaigh potential in a range of 20-30
kV, which emits secondary electrons when ions imeion the surface. The secondary electrons
are accelerated onto the scintillator, providinghti which is then detected by the PMT.
The output of the PMT is sent to a discriminatonillips Scientific Model 6904, 300 MHz),

which has a variety of outputs. In any event, gyailse that crosses the threshold (-20 mV)
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leads to the production of an output pulse (5V,sbwidth). This is then sent to an HP5316A
universal counter. The counter has a gate inpuat,oahy counts pulses received during the gate.
The number of counts is displayed on a front paela digital value, and is also sent
to the computer using a GPIB interface.

The position of the dynode is found initially by wiog it backwards and forwards along
the supporting rod until the electron image of e beam, which is formed at the scintillator,
Is in the middle of the latter.

The dynode and PMT are surrounded by a cylindrgraunded shield with two holes
which allow both the ion and laser beams to passutgh. This is critical so that the high
electrical field of the Daly detector does not geste into the second quadrupole. This grounded
shield should be highly polished and have roundeders so that the 30 kV does not discharge

to it.

Secondary
Electrons

PMT Scintillator

Figure 2-14 The principle scheme for the Daly detéar and dynode position adjustment.
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The Daly detector is an ion counting counter. lemapes between 0.12 10° counts per
second. The large first dynode potential providede@trons per ion impact and hence the high
gain of a Daly detector is about1The detector has a low noise levet1@?° amp, and the
discrimination is small for ions in the high andwlomass range. Admission of a gas
to the vacuum system does not affect the gain ef dbtector, as no activated surfaces
are situated within the vacuum.

Another advantage of the Daly detector is thatRMET and other electronics are external
to the vacuum. In the event of a fault occurringtie PMT a new one can be substituted
in a few minutes without letting air into the vacuehamber. The Daly detector does not occupy

the main axis of the apparatus and thus allowsd@i@roduce a laser beam into it.

2.2 Laser optical scheme.

2.2.1 One-colour experiment.

In the present studies electronic absorption speofr molecular ions are recorded
via detection of fragments. If the exited electoostiate of interest undergoes predissociation, this
iIs a one-photon experiment. In other words, if tree-photon resonant absorption brings
molecular ions above the fragmentation threshoddpttocess is considered to be a one-photon
(colour) experiment. Figure 2-15 shows an examplesre the first electronically exited state of

2,4-hexadiyne cation undergoes predissociation.
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Figure 2-15 Energy diagram for2,4-hexadiyne cation.

2,4-hexadiyne cation (linear isomer ofgls") has its first electronically exited state
slightly above the fragmentation threshold. Aftebsarption of one resonant photon
2,4-hexadiyne cation dissociates tqHz" and GH,. Recording the number of former cations
as a function of the laser wavelength gives antmeir absorption spectrum @ 4-hexadine

cation. Figure 2-16 demonstrates the laser arraagefar a one-colour experiment.
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Figure 2-16 Laser arrangement for an one-colour exgriment.
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A narrow band (0.3 ci) Nd:YAG pumped OPO system is externally triggered
from a BNC pulse generator. The external triggersngequired in order to fire the laser exactly
when the ions are present in the trap. A pulsetfwad 65ps) from one channel of the pulse
generator is sent to the laser. Another channt#lepulse generator is sent to the external trigger
input of the apparatus. By adjusting the delay ketwthese two channels one can fire
the laser at the required time.

The laser pulse is delivered to the 22-pole trafhefapparatus by three rectangular quartz
prisms. The laser beam is preliminary aligned tglotwo diaphragms. These are separated by
approximately 2 meters and placed in front of awing port of the apparatus. Fine laser beam

adjustment is usually achieved by maximizing thedd/of fragment ions.

2.2.2 Two-colour experiment.

A multi-photon approach is usually required if tlosvest and some of the superposed
exited electronic states do not undergo predistonialn the other words, if the energy
of the one resonant photon is not enough to bringotecular ion above the fragmentation
threshold. In this case an additional absorptioa sécond photon can make it possible.

A process in which two photons of different enesgiare absorbed is considered
to be a two-colour experiment. Figure 2-17 shows example of this, where the first

electronically exited state ofs8," (triacetylene cation) does not predissociate.
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Figure 2-17 Energy diagram for triacetylene cation.

As can be seen from the figure, triacetylene cahias its first electronically exited state
below the fragmentation threshold. Only the absonpdf a second, more energetic, photon (of
about 5eV) can dissociate triacetylene cation @dd,” and G neutral. Recording the number of
former fragments as a function of the laser wawgilemgives an electronic absorption spectrum
of triacetylene cation. In Figure 2-18 the laseramgement for a two-colour experiment is

shown.
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Figure 2-18 Laser arrangement for a two-colour expgment.

As one can see from the figure there are two lag@me is a narrow band (0.3 &n
Nd:YAG pumped OPO and the second is a broad bawedi(3 Nd:YAG pumped OPO system.
The former laser system is used to provide tunabtBation while the other one delivers
the fixed wavelength. The second colour is typycallthe range of 210 - 355 nm (5.9 - 3.5 eV).
The two laser systems are externally triggered franBNC pulse generator. The external
triggering is required in order to fire the lasersactly at the same time, and moreover at a time
when the trapped ions are present in the 22-palp. tPulses (width of 6%s) from two
independent channels of the pulse generator afet@ehe lasers with the delay determining
the relation to one another. This is necessarytdube lasers having different response times.
To circumvent this difficulty one has to adjust ttelay between the two trigger pulses so that
the laser shots overlap in time. The third chammighe pulse generator is sent to the external
trigger input of the apparatus. By adjusting théagleon this channel one can fire the laser

at the required time.
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The laser pulses are delivered to the 22-poleliyap set of rectangular quartz prisms and
mirror. The mirror has an usually high reflectivityr the second fixed colour and transmission
for the first tunable radiation. Geometrical ovprita the two laser beams is controlled by using
two diaphragms. These are separated by approxyndelmeters and placed in front
of the viewing port of the apparatus. Fine alignmisnusually done by maximizing the yield
of fragment ions. Optimal alignment involves obtagh the maximum yield of fragments

from two colours and minimum from either the fisstsecond colour separately.

2.3 Software and data acquisition cards.

The experiment is run under software based on #iwiew 7.0 platform. There are three
main programs used for the experiment. The kBB Extrel Mass Spectrometé&s used
to record the mass spectra of species producedoafiiter a desired mass from all fragments.
The second program, namBérmag Mass Spectrometéelps to analyze the particles collected
in the 22-pole trap and produced after laser exgodihe last program, nam&dinlight EX OPO
Laser Spectrometerrecords the electronic absorption spectra of tregped particles.
The last program is specific to the Sunlight OPQ@t&y and cannot be used for any of the other
lasers. For instance, in order to control anothsel system, (e.g. ScanMate dye laser or Ekspla

OPO system) one has to run a proper program.

2.3.1 ABB Extrel mass spectrometer.

The front panel (user interface) of the LabView greon for ABB Extrel Mass

Spectrometer is shown in Figure 2-19.
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Figure 2-19 Labview program for the ABB Extrel quadupole mass spectrometer (user interface).

In order to start program press button 1 on thettg corner of the program window.
Button 2 stops the program at any time. Next stdp set the beginning and the end of the mass
scan with thefirst mass(3) andlast mass(6) dial knobs. The exact mass value can be seen
on the digital display below each of the dial knolishe values of thdirst andlast masses
are identical then the quadrupole will transmityomhe specific mass.

The mass scan can be done in a few different widys.drop-down dialog button 7 offers
three different options. One of the options isiagle scan after one successful mass scan

the program will stop and wait until tretart scanbutton (13) is pressed again. This option
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is often used to occasionally check the mass spattrresolution. The second optionfisite
scan which performs a multiple scans, defined by tBeruThis option can be used to record
and average a few mass spectra. The actual scahenwan be directly read out frostan
number display (15). The last scan option makes contisugifinite scans. To set this,
continuous scahas to be chosen. The last mode is best for fis@uwion adjustment.

High resolution on the ABB Extrel mass spectromei@n be set through simultaneous
adjustment of digital controls 20, 21, 2Role bias(20) defines the quadrupole DC offset
in Volts and so kinetic energy of transmitted ioDglta M (21) serves as a coarse adjustment
of the quadrupole resolution. Fine resolution ampent can be done dyesolution(22) digital
control. If high resolution is still not achievedhe can try to swap the DC and RF voltages
on the quadrupole rods. Usually two pairs of qupdi® rods must be identical, but due to
mechanical precision one can find better ion trassion by pressing th®C Pole Reverse
button (23). When necessary the resolution (resgiaC voltages) can be turned off by pressing
the 11 button which switches betwegifferential andintegral modes.

With the drop-down dialog button 8 one can chookether the scan will be saved as a txt
file or just displayed on the screen as a masstrgpec Control 12 defines the scan step-size.
If number of point per mass is set to 5 then tlep-size will be 1/5 = 0.2 Dalton. The number
of ions at each point of the scan can be readroat Higital display 10.

While a mass spectrum is recorded, scale (zoom-oud) can be adjusted by instruments
(4). The changes are directly seen on the scre@y \here the dotted red line (18) indicates
the current mass while scanning. In addition digitantrol mass shif{9) can correct the mass
spectrum if the maximum of the mass peak(@s5 Dalton away from the real mass. In order
to have the right mass peak position over the whatege a calibration procedure must be
initially performed. The calibration curve can Im¢eirnally stored once and can later be applied

by pressing button 5.

53



If the recorded spectra are noisy one can set tgratic averaging by digital control 19.
In this mode recording the whole spectrum will talomger but will result in a better
signal-to-noise ratio. The program window can lwsetl by button 14 but all set parameters will
still be applied to the quadrupole.

By pressing thesignal checkbutton (17) the actual number of ions can be seemig

display (Figure 2-20). A few details about tBBignal check windoware presented further.
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Figure 2-20 Signal check pop-up window.

The ion signal check window will automatically pap- and will remain opened
on the screen until thek button (5) is pressed. This feature is useful whiee performs the ion
current optimization. The digits on the big displ@) can be easily seen from a distance.
By initially setting two different desire massesdigital controls 3 and 4 one can check both

masses by choosing the desired mass from drop-d@iog box 1.
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2.3.2 Nermag mass spectrometer.

Front panel (user interface) of LabView programNarmag Mass Spectrometer is shown

on Figure 2-21.
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Figure 2-21 LabView program for Nermag quadrupole nass spectrometer (user interface).

In order to start the program press button 1 ondfidop corner of the program window.
Button 2 stops the running program 2 at any tinesdt the beginning and end of the mass scan
one has to adjust the desired values byfitsemass(3) andlast masgq5) dial knobs. The exact
mass values can be seen on the digital displaysvbelch of the dial knobs. If the values

of thefirst andlast masseare identical the quadrupole will transmit onlye@pecific mass.
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The mass scan can be done in different ways. Toy-diown dialog button 6 offers three
different options. One of the options isiagle scanafter one successful mass scan the program
will stop and wait until thestart scanbutton (13) is pressed again. This option is ofisaed
to check the mass spectral resolution. The secptidmoisfinite scan which performs multiple
scans, with the number of scans defined by usemddition. This option can be used
to record a few mass spectra and later average. theenactual number of scans can be read
directly from thescan numbedisplay (15). The last option makes an infinitentner of scans,
using the continuous scanoption. The last mode is best for fine resolutiafjuatment.
Resolution on the Nermag mass spectrometer canbenbdjusted manually on the quadrupole
control unit.

With the drop-down dialog button 7 one can choosether the mass spectrum will be
saved as a txt file or displayed on the screen. @&kmerimental approach can be changed
by drop-down dialog button 8. This dialog buttonfecd either to run the experiment
in continuous or pulsed mode, which is requireddpectroscopy on trapped ions. Continuous
mode can only be used for initial adjustment ineortb make sure that ions can be efficiently
guided through the whole apparatus. Once ionswareessfully guidedrapped ionanode must
be chosen to further adjust the various paramatatgun spectroscopic measurements.

The control 12 defines the scan step-size. If talver of points per mass is set to 5 then
the step-size will be 1/5 = 0.2 Dalton. The numbfeions at each point of the scan can be read
out from digital display 21. While a mass spectrigmecorded, the scale can be adjusted by the
set of instruments (4) and the changes can dirbetlgeen on the screen (18), where the dotted
red line indicates the current mass while scanning.addition, uncertainty in the mass
calibration 0.5 Dalton) can be corrected by using the adjustess shiftcontrol (16).

A calibration procedure must be initially performiedorder to have the right mass peak position
over the whole range of masses. The calibratiowecwan be internally stored and always

applied to a present mass scan.
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If the recorded spectra are noisy one can set aging by digital control 19. Recording
the whole spectrum will take longer, but will resial a better signal-to-noise ratio. The scan rate
can be changed througscan rateslider (20). By pressing thsignal checkbutton (17),
the number of ions can be seen on the big displempfe 2-20). The features of tegnal check
window have been previously described.

In order to be able to monitor the ion signal aweym the computer on an external
monitor one can apply thexternal monitorbutton (10). The mass can either be set from
the program or manually from quadrupole controlt.uBy pressing button 11 one can easily
switch between the two modes. The internal modéighly recommended! The program
window can be closed by button 14, but all setipatars will still be applied to the quadrupole.
This button functions like an emergency stop. Nb& after this procedure all unsaved data will
be lost! In order to set the desired pulse sequemcéhe internal (software) pulse generator
the configure pulse generatdyutton (9) must be pressed. The following windéwg(re 2-22)

will pop-up and remain opened unless tbafigurebutton (7) is pressed.
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Figure 2-22 Pulse generator (front panel).

The pulse generator has four independent chandel$,(8, 9) capable of delivering
a single positive TTL pulse of a certain width ateday with respect to the external TTL trigger
signal. Channel 1(1) is used to provide a pulse to one of the sbeets, which is mounted
in front of the ion source, in order to chop the leam.Channel 2(6) provides a required pulse
to the 22-pole trap exit electrode in order to asttrtrapped ions toward the Daly detector.
Simultaneously, part of the output of channel ast to the counter gate input. This ensures that
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counter will collect an ion signal only when iore &xtracted. As one can see from Figure 2-22,
each of the channels has two dial knobs. The (st 3 on channel 1) sets a proper pulse delay
with respect to the trigger pulse, while the secémd. 5 on channel 1) sets the pulse width.

The exact value can be read out from the digitgpldys placed below each of the dial knobs.

The default scale is set to the regime, but can be redefined by a multiplexerlabke on each

four channels (e.g. 2, 4 on channel 1).

2.3.3 Sunlight EX OPO laser spectrometer.

The front panel of LabView program, which controlaser system is shown

in Figure 2-23.
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Figure 2-23 LabView program (front panel) for the Sunlight EX OPO laser system.

Before one starts the program a proper communitatite (baud rate) must be defined
using thebaud ratedigital control (26). Allowed values are 1200, 24d@00, 9600 (default).
In order to start the program press button 2 in¢feop corner of the program window. Bottom
3 stops the running program at any time. The stadtfinish wavelength of the scan are defined
by thescan start(4) andscan stop(6) dial knobs. The exact wavelength values casdsn on
the digital displays below each of the dial knobke mass control can be done from the
program or manually from quadrupole control uni. @essing button 14 one can easily switch
between the two modes. Theernal mode is highly recommended! Dial knob 15 setsntiass

of the fragment ions. The exact value can be seethe digital display placed below the dial
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knob. In addition, one has to select the rigiatss shifvalue (7), which must be taken from the
Nermag mass spectrometer program. This ensuresg bem the maximum of signal
of fragmented ions.

The Sunlight output is defined from dialog buttdh Putput can be either signal or idler
or doubled signal/idler. The wavelength scan capdyérmed in three different ways, as chosen
by the drop-down dialog button 12. One of the a@ics asingle scanafter one successful mass
scan the program will stop and wait until $tart scanbutton (17) is pressed again. This option
is usually used for recording an absorption spettriihe second option isfanite scan which
performs a set number of multiple scans. This optan be used to record and average a few
absorption spectra. The actual scan number carede from thescan numbedisplay (21).
The last scan option involves making an infinitentner of scans. Hereontinuous scaras
to be chosen. The last mode is the best for admisif laser power or alignment. One can
directly see changes in the absorption spectruth@screen (24).

With the drop-down dialog button 11 one can chosbkether the mass spectrum will be
saved as a txt file or displayed on the screen. dtwtrol 19 defines the scan step-size.
The minimum step can be as small as 0.001 nm. thtiad, one has to define the speed
of the wavelength change (18). In order to avowlaaelength jitter it is important that the total
time of the wavelength change must not be less th&nhsecond per step. The number
of fragmented ions at each particular wavelengthbmread out from the digital display 16.

An absorption spectrum can be displayed on theesceéher as collected or as normalized
by the laser power curve. By choosing the normatimaprocedure from the drop-down dialog
button (20), the current spectrum can be normalezdtbr by a first or a second order correction.

The Laser readyindicator (5) shows the status of the laser. When LED is green
the laser has already changed the wavelength, wiiken red indicates that the wavelength

change is still in progress. The LED should norgndde either always green or blinking,
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indicating a change in wavelength. The current Wemgth can be read out from digital
display 27.

The scale of the spectrum can be adjusted whilensicg through a set of instruments (1),
where changes can be seen directly on screenTBé)Pausebutton (8) can be pressed when
one would like to check the laser stability, powed etc., without interfering with the current
scan. After all the checks are done one may retuthe spectrum acquisition by simply pressing
the pause button once again.

If necessary the pulse generator can be reconfigibse pushing button 9. How to
configure the pulse generator has been alreadystied. Thereversebutton (10) changes
the direction of the wavelength scan. Once it issped the stop button (6) starts blinking in
order to indicate that the end wavelength value tbase changed as soon as possible. If the
reversebutton is red laser scans from blue to the reah({fhigher energy to lower one). If the
button is blue the wavelength scans from red tdthe (from lower energy to the higher one).

The current scan can be interrupted at any timpusping button 13. This ensures that all
the data will be properly saved. A green buttonidatks that quitting of the current scan takes
place. Please do not push any buttons. When itelg the current scan has been successfully
terminated. If the recorded spectra are noisy aare perform a signal average using digital
control 25. Recording the whole spectrum will tdkager time but will result in a better
signal-to-noise ratio.

The signal checkbutton (23), displays the number of ions (Figur@02. The features
of thesignal checkwindows have been already discussed. A laser iallystonnected to a PC
via RS232 port. The connection, based on optitar (Figure 2-24), significantly reduces any

interference from parasitic electrical signals glsvpresent in a laboratory.

62



O ) O )

RS232 Port on RS232 Port on
Host PC Laser PC

o | [ Lo M I N
S P B Y P B Y o O e ol s ©
O = O | O X O
| o [[ R
O L O Optical Fiber Line O B O
o—18 8l 5 o—18 8l 5
o+ || %o Ty Ry o4 4l 5
oof ||52e) P o || 3%
\O/ Ground \_CD/ \O/ Ground \_C)/

— | S

Figure 2-24 Host PC and Laser PC connection based optical fibers.

This becomes especially important when laserswareimg in a nearby laboratory. In this

case a long RS232 electrical cable will not propgrhction.

2.3.4 Data acquisition cards and electrical connection.

There are three different types of data acquisitidAQ) cards installed. PCI-6023E, PCI-
6713 by National Instruments and PCI-DAS6014 by sfeement Computing Corporation.
In the current setup these cards are named inkgraaldevice 1 device 2and device 3
respectively. The DAQ cards are used to provideegjuired analog voltages, TTL signals and
high precision pulse sequence. The DAQ cards di&we@ bridge between the software installed
on the PC and the control units for the electromstruments, e.g. quadrupole mass
spectrometers, lasers and etc. It also helps tohsgnize the operation of all the experimental

equipment.
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2.3.4.1 PCI-6023E (device 1).

The DAQ board (device 1) has no digital-to-analegwerter outputs! It only provides
up to 16 analog inputs (0 through 15). Each chapa&l, ACH 4, i+8> ( = 0..7), can be
configured as either one differential input or tgiogle-ended inputs. The analog inputs have
12-bit resolution. The input ranges are bipolaryorlthey have four ranges &f10V, +5V,
+500mV, £50mV. The ranges are software-selectable. PCI-6Q#8Fkides up to eight digital
lines. Each of the lines can be configured eitledigital input or output (software-selectable
function). This device uses the National Instrurme®AQ-STC system timing controller
for time-related functions. The DAQ-STC consiststlmfee timing groups that control analog
input, analog output, and general-purpose coummtexvtfunction. These groups include a total
of seven 24-bit and three 16-bit counters and maimtiming resolution of 50 ns.
The DAQ-STC enables such applications as buffeuéskepgyeneration, equivalent time sampling,
and seamless changing of the sampling rate.

Table 5 gives a brief summary of the technical itlet@nd functions of the PCI-6023E

board.

Table 5 A brief summary of some features of the PG6023E (device 1) board with technical specificatio

Board Feature | €chnical specification

Parameter Characteristic
Analog Output Number of outputs Not available ois thipe of board
Analog Input Number of inputs 16 (single-ended nmode

8 (differential mode)
Signal Type and Direction Input only

Resolution 12-bits, 1 in 4096
Impedance 1002 in parallel with 100 pF
Protection On 42V, Off 35V
Input signal range Bipolar only: 10V, £5V, £500m¥50mV
(Software-selectable)
Input coupling DC
Sampling rate 200kS/s
Monotonicity 12-bits, guaranteed monotonic
DNL +0.3 LSB typical, +1.0 LSB max
Digital Input / Digital Type Discrete, 5V/TTL/CMOS compatible

Output
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Counter

Number of I/O
Configuration

Input high voltage
Input low voltage
Output high voltage
Output low voltage
Data transfer
Power up / reset state
User counter type
Number of Channels
Resolution
Frequency Scalers
Compatibility

8
8 bits, independently programmable f
input or output. All pins pulled up to +5VDC
via 50kQ resistors.
2.0V min, 5.0V max
OV min, 0.8V max
4.35V min
0.4V max
Programmed 1/O
Input mode (high impedance)
DAQ-STC
2
24-bit
1, 4-bits
5VITTL/ICMOS

GRCTRnN base clock source Internal 20 MHz, 100 kHz and frequency

(software selectable)

Internal 20 MHz clock
source stability

Counter n Gate

Counter n Output

Clock input frequency
Pulse width (clock input)
Pulse width (gate)

scalers 10 MHz, 100 kHz or External
(GPCTRn_SOURCE)
+0.01%

Available at connector (GPCTRn_GATE
Available at connector (GPCTRnTDU
20 MHz max

10 ns min (in edge-detaode)

10 ns min (in edge-detect mode)

2.3.4.2 PCI-6713 (device 2).

The board (device 2) has no analog inputs! Thes Fug and Play, analog output, digital,

and timing I/O device for PCI bus computers. Thasdcfeatures a 12-bit digital-to-analog

converter with update rates up to 1 MS/s/channelvfidtage output. There are up to eight

voltage output channels available. In addition,-BTZ13 card has eight lines of TTL-compatible

DIO, and 24-hit counter/timers for TIO.

The National Instruments device has no DIP switcheapers or potentiometers, so one

can easily software configure and calibrate it.sTéhevice, as well as previously described, uses

the National Instruments DAQ-STC system timing g®uhat control the analog inputs and

outputs, and general-purpose counter/timing funstiorThese groups include a total of seven
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24-bit and three 16-bit counters and have a maxiriommg resolution of 50 ns. Table 6 gives

a brief summary of the technical details and fuordiof the PCI-6713 board.

Table 6 A brief summary of some features of the PG6713 (device 2) board with technical specification

Board Feature

Technical specification

Parameter Characteristic
Analog Output D/A Converter type Double-bufferedjltiplying
Signal Type and Direction Ouput only
Resolution 12-bits, 1-in-4096
Number of Channels 8 voltage output
Voltage Range +10V, tEXTREF
Monotonicity 12-bits, guaranteed monotonic
DNL +0.3 LSB typ, £1.0 LSB max
Slew Rate 20V/us min
Settling Time (full scale 3 us tox0.5 LSB accuracy
step)
Noise 200UV s, DC to 1MHz
Current Drive +5 mA max
Output short-circuit duration  Indefinite @25mA
Output coupling DC
Output impedance 0.1 ohms max
Power up and reset DACs cleared to 0 \¥250mV max
Analog Input Number of inputs Not available on ttyige of board
Digital Input / Digital Type Discrete, 5V/TTL/CMOS compatible
Output
Number of I/O 8
Compatibility 5VITTL/ICMOS
Configuration 8 bits, independently programmable f
input or output. All pins pulled up to +5VDC
via 50kQ resistors.
Input high voltage 2.0V min, 5.0V max
Input low voltage OV min, 0.8V max
Output high voltage 4.35V min
Output low voltage 0.4V max
Data transfer Programmed I/O
Power up / reset state Input mode (high impedance)
Counter User counter type DAQ-STC
Number of Channels 2
Resolution 24-bit
Frequency Scalers 1, 4-bits
Compatibility 5V/TTL/ICMOS
GRCTRnN base clock source Internal 20 MHz, 100 kHz and frequency
(software selectable) scalers 10 MHz, 100 kHz or External
(GPCTRN_SOURCE)
Internal 20 MHz clock +0.01%
source stability
Counter n Gate Available at connector (GPCTRn_GATE
Counter n Output Available at connector (GPCTRnTQU
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Clock input frequency 20 MHz max
Pulse width (clock input) 10 ns min (in edge-detaode)
Pulse width (gate) 10 ns min (in edge-detect mode)

2.3.4.3 PCI-DAS6014 (device 3).

The board (device 3) has two digital-to-analog atgpas well as up to 16 analog inputs.
Each input can be individually con d as single-ehdedifferential. The analog inputs have 16-
bit resolution. The input ranges are bipolar-offfjiey have four ranges afl0V (currently
in use),x5V, £500mV,+50mV. The ranges are software-selectable.

The board provides nine user-configurable triggecidgate pins. They are available
at a 100-pin I/O connector. Six are configurablengsits and three are configurable as outputs.
Interrupts can be generated by up to seven ADCcssuand up to four DAC sources
on the PCI-DAS6014.

The board contains an 82C54 counter chip, whiclsistsof three 16-bit counters. Clock,
gate, and output signals from two of three counseesavailable on the 100-pin I/O connector.
The third counter is used internally. Table 7 sumesatechnical details of PCI-DAS6014

functions.

Table 7 A brief summary of some features of the PEDAS6014 (device 3) board with technical specifician.

Board Feature Technical specification

Parameter Characteristic

Analog Output D/A Converter type Double-bufferedjltiplying
Signal Type and Direction Ouput only
Resolution 16-bits, 1-in-65536
Number of Channels 2 voltage output
Voltage Range +10V
Monotonicity 16-bits, guaranteed monotonic
DNL +2 LSB typ
Slew Rate 15V/us min
Settling Time (full scale step) 8 us to+1.0 LSB accuracy
Noise 36QuV s DC to 400kHz BW
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Analog Input

Digital Input / Output

Counter

Glitch Energy 200mV @ Jus duration mid-scale

Current Drive +5 mA

Output short-circuit duration  Indefinite @25mA

Output coupling DC

Output impedance 0.1 ohms max

Power up and reset DACs cleared to 0 #250mV max

Number of inputs 16 (single-ended mode
8 (differential mode)

Signal Type and Direction Input only

Resolution 16-bits, 1 in 65536

Impedance 1002 in normal operation

Protection On £25V, Off £15V

Input signal range Bipolar only: 10V, 5V, £500mV
+50mV (Software-selectable)

Input coupling DC

Sampling rate 200kS/s min

Monotonicity 16-bits, guaranteed monotonic

Digital Type Discrete, 5V/TTcompatible
Number of I/O 8
Configuration 8 bits, independently programmable f

input or output. All pins pulled up to
+5V via 47K resistors (default).
Positions available for pull down to
ground. Hardware selectable via solder

gap.

Input high voltage 2.0V min, 7.0V absolute max

Input low voltage 0.8V max, -0.5V absolute min
Output high voltage 3.80V min, 4.20V typical

Output low voltage 0.55V max, 0.22V typical

Data transfer Programmed 1/O

Power up / reset state Input mode (high impedance)
User counter type 82C54

Number of Channels 2

Resolution 16-bit

Compatibility 5VITTL

CTRn base clock source Internal 10 MHz, 100KHz or External
(software selectable) (CTRn CLK)

Internal 10MHz clock source 50 ppm

stability

Counter n Gate Available at connector (CTRn GATE)
Counter n Output Available at connector (CTRn OUT)
Clock input frequency 10 MHz max

High pulse width (clock 15 ns min

input)

Low pulse width (clock input) 25 ns min

Gate width high 25 ns min

Gate width low 25 ns min

Input low voltage 0.8V max

Input high voltage 2.0V min

Output low voltage 0.4V max

Output high voltage 3.0V min
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2.3.4.4 DAQ cards electrical connections.

The software described earlier, summarizes all uker provided settings and sends

the commands to the DAQ cads. According to the camis sent, the DAQ cards provide direct

voltage outputs, pulse sequences as well as an@lyizesignals or input voltages. Thus to work

together at the same time the DAQ card outputsi¢devl, 2, 3) are externally connected

with each other and with the controlled devicegyuke 2-25 shows all current electrical

connections required for the DAQ card outputs. &ablsummarizes the electrical connections

between DAQ cards and external equipment.

2 3 4 5 6
Device 1 (PCI-6023E) Device 2 (PCI-6713) Device 3 (PCI-DAS6014)
ACHS | 34 | 68 | ACHO AOGND | 34 | 68 | NC 2G| 100 | 50 | GND
ACHI | 33 | 67 | AIGND NC | 33 | 67 | AOGND CTR20UT | 99 | 49 | AUXINS / A/D PACER GATE
AIGND | 32 | 66 | ACHY AOGND | 32 | 66 | AOGND CTR2GATE | 98 | 48 | AUXIN4/D/A START TRIGGER
ACHIO | 31 | 65 | ACH2 AOGND | 31 | 65 | DACTOUT CTR2CLK | 97 | 47 | AUXIN3/D/A UPDATE
ACH3 | 30 | 64 | AIGND DAC60UT | 30 | 64 | AOGND GND | 96 | 46 | AUXIN2/A/D STOP TRIGGER
AIGND | 29 | 63 | ACHII AOGND | 29 | 63 | AOGND CTRIOUT | 95 | 45 | AUXINI/A/D START TRIGER
ACH4 | 28 | 62 | AISENSE DACSOUT | 28 | 62 | NC CTRIGATE | 94 | 44 | NC
AIGND | 27 | 61 | ACHI2 AOGND | 27 | 61 | AOGND CTRICLK | 93 | 43 | AUXINO/ A/D CONVERT
ACHI3 | 26 60 | ACHS AOGND | 26 60 | DAC4OUT DIO7 | 92 42 | AUXOUT2/SCANCLK
ACH6 | 25 59 | AIGND DAC30UT | 25 59 | AOGND DIO6 | 91 41 | AUXOUTI / A/D PACER OUT
AIGND | 24 | 58 | ACHI4 AOGND | 24 | 58 | AOGND DIOS | 90 | 40 | AUXOUTO/ A/D PACER OUT
ACHIS | 23 | 57 | ACHT AOGND | 23 | 57 | DAC20UT pioa | 89 | 39 | PC+5V
NEe| .2 56 | ATGHD DACOOUT | 22 | 56 | AOGND DIO3 | 88 | 38 | D/AOUTI
NC| 21 | 55 | AOGND DACIOUT | 21 | 55 | AOGND pio2 | 87 | 37 | p/AGND
RESERVED:| 20 | 54 | AOGND EXTREF | 20 | 54 | AOGND DIO1 | 86 | 36 | D/A OUTO =
Dio. 0 || 22 D DIO4 | 19 | 53 | DGND DIOO | 85 | 35 | AISENSE
DGND | 18 | 52 | DIOO DGND | 18 | 52 | DIOO NC | 84 | 34 [NC
DIOI | 17 | 51 |DIOS DIOI | 17 | 51 | DIOS NC| 83 | 33 | NC
DIO6 | 16 | 50 | DGND DIO6 | 16 | 50 | DGND ve| # || &% lwe
DGND | 15 | 49 | DIO2 DGND | 15 | 49 | Dio2 Nel| st |31 | ne
+5V| 14 | 48 | DIO7 +5V | 14 | 48 | DIO7 ~NC | 8o | 30 [ NC
DGND | 13 | 47 | DIO3 DGND | 13 | 47 | DIO3
DGND | 12 | 46 | SCANCLK DGND | 12 | 46 | NC NC| 79 |29 | NC
PFIO/TRIGI | 11 | 45 | EXTSTROBE PFIO | 11 | 45 | NC NC| 78 | 28 | NC
PEII/TRIG2 | 10 | 44 | DGND PFIl | 10 | 44 | DGND Ne| 17 27 | NG
DGND | 9 | 43 | PFI2/CONVERT DGND | 9 | 43 | PE2 NC| 76 | 26 | NC
+5V [ § | 42 | PEI3/GPCTR1_SOURCE =1 45V | 8 | 42 | PFI3/GPCTRI_SOURCE = NC| 75 | 25 | NC
DGND | 7 | 41 |PFI4/GPCTRI_GATE DGND | 7 | 41 | PFI4/GPCTRI_GATE NC| 74 | 24 | NC
PFIS/UPDATE | 6 | 40 | GPCTRI_OUT PFIS/UPDATE | 6 | 40 | GPCTRI_OUT NC| 73 | 23 | NC
PFIG/WFTRIG | 5 | 39 | DGND PFIG/WFTRIG | 5 | 39 | DGND =— NC | 72 | 22 [ NC
DGND | 4 | 38 | PFI7/STARTSCAN DGND | 4 | 38 |PEI7 NC| 71 | 21 | NC
- PFI9/GPCTRO_GATE | 3 | 37 | GPCTRO_SOURCE PFI9/GPCTRO_GATE | 3 | 37 | GPCTRO_SOURCE NC| 70 | 20 | NC
— GPCTRO_OUT | 2 | 36 |DGND —GPCTRO.OUT | 2 | 36 | DGND NC| 69 | 19 |NC
FREQ OUT | 1 | 35 | DGND ——FrEQour | 1 | 35 | poND NC| 68 | 18 | LLGND
NC| 67 | 17 | CHTINLO
NC| 66 | 16 | CH7INHI
NC| 65 | 15 | CHSINLO
NC| 64 | 14 | CH6INHI
NC| 63 | 13 | CHSINLO
NC| 62 | 12 | CHSINHI
NC| 61 | 11 |CH4INLO
NC| 60 | 10 | CH4INHI
NC| 59 | 9 [CH3INLO
NC| 58 | 8 |CH3INHI
NC| 57 | 7 |CH2INLO
NC| 56 | 6 |CH2INHI
NC| 55 | 5 |CHIINLO
NC| 54 | 4 |CHIINHI
NC| 53 | 3 |CHOINLO
yy yy yy yy yy Ne| 32 |2 |Ciomwm S &S
7 8 9 10 11 NC| st |1 e 12 13

Figure 2-25 DAQ cards electrical connection diagram

Table 8 Connections between DAQ card outputs and tetnal electronics.

Connector

Number External device

Data transfer Application

1 Voltage output
2 Voltage output
3 Voltage output

ABB Extrel QMS
ABB Extrel QMS
ABB Extrel QMS

Input: Delta M; -10+10V, 12-bit.
Input: Pole Bia%p-..+10V, 12-bit.
Input: Resolutiet...+10V, 12-bit.
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o b~

10

11

12
13

Digital output
Digital output

Digital output

Pulse output

Pulse output

Pulse output

Pulse output

Digital input

Analog output
Analog output

ABB Extrel QMS
ABB Extrel QMS

Nermag QMS

Fast switch.

Fast switch.

Fast switch.

Fast switch.

BNC Pulse Generator.

ABB Extrel QMS
Nermag QMS

Input: Pole Bias Wese; TTL: low, high.
Input: Differentidhtegral Mode; TTL:
low, high.
Input: External/IntelrMiass Set; TTL:
low, high.
Input: Channel 1; ®imyllse with
certain delay and width.
To provide a pulse of potential on source
lens of the apparatus.
Input: Channel 2, loumnter gate; Single
pulse with certain delay and width.
To provide a pulse of potential on exit
electrode of the 22-pole trap.
Counter gate signal.
Input: Channel 3; ®imyllse with
certain delay and width.
Not in use.
Input: Channel 4; I8ipglse with
certain delay and width.
Not in use.
Output: 10ptise sequence; External
trigger for the whole experiment.
Input: Mass set, 810V, 16-bit.
Input: Mass set, 0...+108/bit.

2.3.4.5 Software pulse generator.

The Pulse generator is based on four counters. @aie of counters is built-in

on the PCI-6023E board (device 1). Another paibudt-in on the PCI-6713 board (device 2).

Each counter has two inputs and one output, wiielslaown in Figure 2-26.
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& ate Device 1
AL
o Clock Counter 0 | Channel 1
Sl Device 1
AL
Clock Counter 1 | Channel 2
S Device 2
AL
Clock Counter 0 | Channel 3
bgte Device 2
AL
Clock Counter 1 | Channel 4

Figure 2-26 Block diagram for the software pulse geerator.

Input GPCTRn_SOURCE named clock acts as a biasidrery input for counten.
GPCTRn_GATE named Gate acts as a trigger signalt.inputput GPCTRn_OUT named
channel provides a high precision single pulseamhdalling slope of the trigger pulse.

A bias frequency of 1 MHz, taken from pin FREQ_O{dlEevice 2), is sent to each of four
GPCTRn_SOURCE inputs. The frequency output candodigured from software to generate
any kind of desired frequency value. As higher tiatpy is as more precise pulse width
and delay one can obtain. Why it is so will becaniear further on.

Each counten configured from thePulse Generatoprogram generates a single pulse
with a certain delay to a trigger signal and cerfaulse width. After successful trigger counter
starts counting number of bias frequency cycleselVthe number of counts becomes equal
to certain (software-selectable) value, the coumtgtput GPCTRn_OUT will go from low
to high value. The output will remain high unlese humber of counts of bias frequency is less

than a certain value. After that counter output GRE OUT will go to low again.
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Thus a counter output generates a single pulse avitertain delay and width. Since the bias

frequency equals to 1 MHz, time jitter will be asvlas 1us (10).

2.4 Experimental approach.

The apparatus and experiment have been descriliet]. $olid precursors, like
2,4-hexadiyne (€Hs) or para-dichlorobenzeneptDCB), were placed directly into a stainless
steel oven, which was heated up to the requiredpéeamture (40°C) by a resistive wire.
The vapor flowed through a 0.5 mm orifice after evhelectron impact ionization took place.

For gaseous precursors, like,ON or diacetylene, sample vapours were admitted
to the ionisation region through a needle valvgONs commercially available and stored
in a 1 L gas bottle at a pressure of around 11 Dacetylene was synthesized by Jacques
Lecoultre and stored in a 1 L gas bottle at a pmresaot higher that 500 mbar. This was done
due to diacetylene’s explosive nature. Lager ansohtdiacetylene must be stored as a frozen
solid sample at —8tC!

The pressure value in the ionization region wag kép 4 x 10° mbar (calibrated by N.

The ionizing electrons’ energy was adjusted tollghtty above the target molecule’s ionisation
potential, 9 - 10 eV fop-DCB* and2,4-hexadiyne, 12 - 13 eV for4®" and around 12-30 eV
for diacetylene, depending on the size of the qadiin.

The apparatus is run in a pulsed mode and the iexgeats were carried out at 10 Hz
(Figure 2-27). The pulse sequence is generatedsoft@arepulse generatqrwhich has already

been described above.
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Source |[Ms :
|
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22-pole Thermalization by helium | 10
trap (&t - 71 ms L ms
'Fragment
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|
Counter 2ms 1
Mt | ol >

Time (Ms)0 10 20 30 40 50 60 70 80 90 100

Figure 2-27 Timing and pulse sequence for the meamments carried out at 10 Hz.

lons generated by the source are mass selectdut lfiydt quadrupole and are accumulated
in the 22-pole trap for 10 ms through collisionshw 10* mbar helium buffer gas. Following
this, the potential of an electrostatic lens atek# of the ion source is raised preventing more
ions from reaching the trap. The ions are constdhim the trap by a RF field and undergo
collisions with helium gas cooled by a cryostatragiag at 6 K.

After being in the trap for 71 ms the ions are mebbusing either a one-colour
or two-colour pump-probe approach. In the casenadree-colour experiment, the light (typically
3 mJ) comes from a tunable OPO laser system (0:3bamdwidth). A dye laser system was
used for the higher resolution (0.03 thmeasurements.

In the case of two-colour pump-probe experimeng light was provided from both
a tunable Nd:YAG pumped OPO laser (0.3%3rand the fixed doubled output from a broadband
OPO system (6 ci). Tunable radiation was used to promote an elpittr@xcitation.

A subsequent UV photon was then used to initiagrfrentation of the excited ions.
For optimum signals the two laser beams must beaped in both time and space. The laser

beams were combined using a highly reflective 45fars (200-355 nm). The tunable radiation
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was passed through the mirror while the fixed U¥rhevas reflected by 90° to be collinear with
it. Time overlap was monitored using two identighbtodiodes; jitter was less then 10 ns.

After a laser excitation, the potential of the ebeihs of the trap is lowered for 10 ms
allowing the ions to exit through the second qupdhei mass filter, which is set to the mass
of the photofragment ions. The latter are evenyud#étected by a Daly detector, the output
of which is sent to a discriminator. Each deteatad produces a uniform spike (5 ns, 5 V)
on the discriminator output, sent to a 300 MHz d¢eunThe number of fragment ions is counted
as a function of the laser wavelength to provide #&tsorption spectrum. The spectrum is
normalized for photon intensity, monitored shotsioot by a photodiode. Each data point
is an average of 50 cycles. Typically, 5400" ions are trapped and irradiated on each cycle.

The background fragment count (without laser ligtds usually < 10 per cycle.
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Chapter 3 Results and discussion.

3.1 One-photon two-colour photofragmentation

spectroscopy.

3.1.1 N,O cation.

N,O+ s* <1, 15 band

25K

15K

exp

30900 30905 30910 30915 30920 30925
vV /cm™!

Figure 3-1 The absorption spectrum of MO+ obtained by monitoring the NO+ fragment count as function

of photon wavelength. Also shown are simulated spiea for temperatures of 15, 25 and 35 K.
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The A 25* — X 217, band of NO' is shown in Figure 3-1. Also shown are simulated
spectra for temperatures of 15, 25 and 35 K. [7§Molecular constants used in the simulations
areB" = 0.41157 cnt, D" = 0.298%10° cm?, q" = 1.13x10° cm*, A" = 132.434 crit, B' =
0.42893 cnt, D' = 0.285%10° cm?, and y» = 7.0<10*% cm™* and are taken from [17, 18].
It is apparent that the experimental spectrum spords well to the T = 25 K simulated
spectrum indicating that the,®" ions’ rotational degrees of the freedom are eiffett cooled
by collisions withthe helium buffer gas. In principle it is also pbssto assess the translational
temperature of the J0" ions through the Doppler broadening of the rouilicdines. However,
in the present case this was not possible bechaseandwidth of the OPO radiation@.5 cm')

was much greater than anticipated Doppler broaderi®.017 cnt at 25 K).

3.1.2 2,4-hexadiyne cation.

3.1.2.1 Internal temperature of 2,4-hexadiyne ¢in.

The electronic absorption process was monitoredtheafragmentation channel leading

to C6H5+, C6H4+ and QH4+.
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Figure 3-2 The A 2Eu - >? 2Eg transition of 2,4-hexadiyne cation recorded (0.3r™ resolution) via a

one-photon predissociation process by monitoring #h CH," fragment ions produced. The ions were
vibrationally and rotationally relaxed to around 30 K by collisions with cryogenically cooled helium

in a 22-pole radiofrequency trap.

Figure 3-2 shows the spectrum in the 20000-22850 tange recorded by monitoring

the number of ¢H." counts as function of laser frequency (0.3'dmandwidth). The relative
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intensities of the vibronic bands differ somewhat feasons discussed in the next section.

The origin band at 20553 ¢hstands alone and there is no evidence of hot bahtme A
or vy to lower energy, or sequence transitionisarising from residually populated vibrational
levels in the X 2Eg ground state. The lowest frequency mode is ardl2@ cm' and thus

the vibrational temperature is below 30 K. When lgser bandwidth is reduced to 0.03tm

the rotational structure due to the K-stacks ilkesl. This is seen in Figure 3-3 together

with the quantum number assignment inferred inathaysis of theA ’E, - X ZEg emission

spectrum [78].

L) T I L} L) T T I L] L] L]
0
3 0 3
HyC—C=C—C=C—CH,"
A 2E, < X2E, 03

Tt~ 25K

w A

ANl R

20560 20565 20570 om

1

Figure 3-3 The origin band in the ;\ 2Eu - >? 2Eg transition of 2,4-hexadiyne cation detected via

predissociation to GH," using a laser band-width of 0.03 cf. The assignment of the K-structure is taken
from [78] and the intensity distribution corresponds to a rotational temperature in the 20-30 K range.

This pattern varies with temperature and the spettshown in Figure 3-3 resembles
closely the top trace in Figure 3-4 (reproducednfreef. [78]), i.e. a rotational temperature

in the 20-30 K range.
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Figure 3-4 The K-structure of the origin band in the A 2Eu - )Z 2Eg transition of 2,4-hexadiyne cation.

The figure is reproduced from Fig. 2 in ref. [78].

In a spectroscopic study of the related molecutar, i1,3-pentadiyne, more details

of the rotational temperature dependence on tharesxpn backing pressure are explicitly given

[79]. The vibrational and rotational degrees oéttem are thus equilibrated to around 20-30 K.
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3.1.2.2 Vibrational structure.

The electronic spectrum shows increasing compleagythe laser excitation frequency
is increased. Figure 3-5 reproduces the absorgi@ctrum of 2,4-hexadiyne cation from ref.

[33] obtained by laser induced fluorescence tealmig 1980.

4'5! 5

s

gt 5,

| I I | | I
440 450 460 470 480 490 500 nm

Figure 3-5 The ,Z\ 2Eu - )Z 2Eg laser induced excitation spectrum of uncooled 2,4dxadiyne cation taken
in 1980 [33].

In the spectrum reported earlier, using ions redaweabout 150 K and recorded via a laser
induced fluorescence technique [33], only the tptsymmetric modes\, to v,) appear to be

strongly excited. Many more transitions are now appt (Figure 3-2). In Table 9
the frequencies of all the observed distinct peakbie spectrum are listed with the numbering

as shown in Figure 3-2.
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Table 9 Wavenumbers of vibronic bands in the A 2Eu - )Z 2Eg system of 2,4-hexadiyne cation.
The numbering of the peaks is that shown in Figur8-2.

No Band Wavenumber (B Relative to0J (cm)  Assignment

1 20553 0 03
2 20984 431

3 21004 451

4 21024 471

5 21046 493

6 21079 526 55
7 21166 613

8 21183 630

9 21213 660

10 21235 682

11 21255 702

12 21273 720

13 21352 799

14 21373 820

15 21443 890

16 21475 922

17 21505 952

18 21538 985

19 21556 1003

20 21579 1026

21 21605 1052 5
22 21647 1094

23 21663 1110

24 21686 1133

25 21712 1159

26 21726 1173

27 21754 1201

28 21773 1220 4
29 21801 1248

30 21877 1324

31 21889 1336 3
32 21961 1408

33 21985 1432

34 22021 1468

35 22045 1492

36 22072 1519

37 22092 1539

38 22111 1558

39 22135 1582 5y
40 22165 1612

41 22187 1634

42 22226 1673

43 22248 1695

44 22268 1715

45 22297 1744 405;
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46 22334 1781

47 22374 1821
48 22407 1854 355,
49 22434 1881
50 22457 1904
51 22489 1936

All these are new observations leading to a detaitgapping of the A ’E, exited

electronic state manifold. The strongest bandslirevthe totally symmetric modes;, , 4, and
their combinations. There are too many other baoadse assigned only to transitions involving
the five a,; modes where thedasymmetry is retained in both electronic statesctwhave the
frequencies of 2911, 2266, 1378, 1255 and 560 ionthe ground state of neutral 2,4-hexadiyne
[80]. For example, four distinct peaks lie justdselthe 5; transition (i.e. < 500 cih), which
have to correspond to the excitation of the degdeemodes in two, or more, quanta.

These can only be constructed from the four degémemodesv,, (350 cm'), v,, (121 cn)

both of  symmetry, andv,, (245 cn’) of e,, Where the frequencies given are the values

of the neutral molecule. Thus tHek 15;, 157, 20; transitions would each give a totally

symmetric level as wouldl5, with several components with energies below 500"
The number of such peaks increases with internarggn as more possibilities arise
for the formation of totally symmetric levels by pppriate combinations of the degenerate
modes, but a specific assignment would not be urgmbs. For this reason in Table 9
only the evident progressions and combinationslumvg totally symmetric modes are given.

The enhanced intensity of the transitions involvihg degenerate modes is a result
of saturation. This is illustrated in Figure 3-6 awh the region around thg; transition

is recordedirace a- using the same laser power as in Figure 3-2,laatienuated by a factor

of around 300.
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Figure 3-6 The region around the5(l) transition in the A 2Eu - )Z 2Eg spectrum of 2,4-hexadiyne cation

detected via predissociation to form GH," recorded: a) at 3 mJ/pulse (as in Fig. 3), b) at fJ/pulse (~300
times lower). The inset shows the dependence of tE% band on laser energy indicating that the transitio is
saturated.

The latter measurement is a reflection of a norataorption; the bands arising from
the excitation of the degenerate modes are quitkvaad reflect the Franck-Condon factors.
At the higher laser density these weak transitimmssaturated leading to increased intensities.
At even higher powers (tens of mJ per pulse) thekpein the spectrum broaden.
The inset of Figure 3-6 shows the intensity of Hyeband plotted as function of the laser power.
The non-linear dependence indicates saturationeaBdy mJ/pulse. By this means the manifold

of the vibration levels in such cold polyatomic sas “lit-up”.
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3.2 Two-photon one-colour photofragmentation

spectroscopy.

3.2.1 1.,4-dichlorobenzene cation.

As another test of the apparatus the spectrumegp-DCB” radical cation was measured

over the 19100 - 22700 ¢hrange by monitoring thegB4CI* fragment ie., Cl loss channel).

A
" " , p-DCB
15000f 0O g |
%) 172
"E 0
S 10000} |
@]
(&] 51
S ’ & 556
<
T 5000} - |
O 302 °
T L WU _
19500 20000 20500
vV /cm™!

Figure 3-7 The electronic transition of the p-DCB+radical cation over the 19500 - 20700 chrange obtained
by monitoring the CgH,Cl+ fragment count. Wavenumbers and assignments fovibronic bands are given in

Table 1.

The resulting spectrum, shown in Figure 3-7, exkilai series of well-resolved vibronic
bands that can mainly be assigned to the dipolewatl B ’B,, < X ’B,, transition.

The excellent signal to noise ratio achieved islent. The lower frequency bands, which have
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widths of ~ 10 cm®, have peak intensities that are®l@rger than the background level

(= 10 counts/laser shot).
The lowest frequency transition, thd B, — X ’B,, 05 band, is observed

at 19622 crit, in excellent agreement with the value derivednfithe optical emission spectrum

of p-DCB' (19620 + 10 crif) where the band was much broader (Figure 3-8]. [20

cl

6" 2 6,
w/\“/\‘v\/\/ y

16000 17000 18000 19000 20000 cm™

6,

Figure 3-8 The emission spectrum of the p-DCB+ radal cation over the 16000- 20000 chrange obtained
in 1978 [20].

For p-DCB" [21, 22, 81] the correspondindg @ransition occur at 19452 and 19212tm
in Ne and Ar matrices respectively, representingrimanduced red shifts of 0.9 and 2.1%,
respectively. Wavenumbers and assignments forotiverlenergyB ?B,, — X B, transitions

are listed in Table 10.
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Table 10 Wavenumbers of vibronic bands for theB 283u - X 2Bzg system of thep-DCB" radical cation.

Band Wavenumber Relative to 8 Assignment
(cm) (cm®)

19622 0 0%
19797 175 307
19942 320 6;
20046 424 22?
20118 496 6; 303
20130 508 29 30}
20175 553 172
20219 597

20260 638 6;
20270 648 272
20359 737 5
20434 812 82
20459 837 29
20479 857 16; 175
20500 878 6, 172
20530 908

20580 958 6;
20682 1060 5. 65/ 4%

Assignments were made on the basis of a comparistween the experimental
frequencies of neutrg-DCB, and with Ar matrix absorption and gas-phase enmissjoectra
of p-DCB*. The prominent 320 cth progression, which was also observed in Ar matrix
absorption spectra with a similar spacing (320 284 cm'), [21, 22] corresponds to thve (aug)
vibration (symmetricC-Cl stretch). The enhanced spectral resolution ardellent S/N

of the gas phase spectrum compared to the earliemdtrix absorption spectra allow us

to identify a number of previously unobserved viticotransitions including 30 22, 6; 307,
29 305, 172, 55, &, 2%, 16,175 and § 6.. Vibrational frequencies for th& 2B,, state

based on these transitions, along with correspgnditues for th&g andS, states of the neutral

p-DCB are given in Table 11.
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Table 11 Selected vibrational frequencies bands fothe S, and S, states of neutral p-DCB and for the
B *B,, state of thep-DCB" radical cation.

Mode Neutral  Neutral p-DCB" p-DCB* Description
PDCBS POCBS G, e,
Ar matrix this work

5 (ag) 747 727 737 ring def.

6 (ay) 328 301 324%) 320 symmetric C-ClI stretch
331

8 (av) 405 167 406 ring twist

16 (b2g) 687 416 581 ring twist

17 (29 298 276 out of plane C-Cl bend

22 (boy) 226 225 212 in plane C-Cl bend

26 (b3g) 626 538 ring def.

27 (b3g) 350 339 324 in plane C-Cl bend

29 (bsy) 485 294 420 ring twist

30 (bsy) 122 75 88 out of plane C-Cl bend

1182], 783, 84],[21], [22]

In most cases thg-DCB* B ’B,, state frequencies are similar to those of the rakut
p-DCB molecule. Thep-DCB* spectrum becomes congested above 21000 @Fgure 3-9)

where theC 2B,, — X ’B,, transition is predicted to occur. [20]
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Figure 3-9 Spectrum of the p-DCB* radical cation over the 19100 - 22700 chm range obtained
by monitoring the CgH,CI* fragment count as a function of photon wavelengthTransitions in the 19600 -

20700 cn range can be assigned to the dipole alloweﬁ 283u - >? szg system, while above 21000 ¢

there are probably also contributions from vibronically induced C *B,, « X szg transitions.

Although dipole forbidden, it may be induced thrbugibronic coupling between
the C ’B,, and B ’B,, states. The only mode with appropriate symmetrgdople the two

states is theve(b,) vibration which has a frequency of 815 ‘tin neutral p-DCB.
From the photoelectron spectrum, tlti:ézB2u state was estimated to lie 1045 trabove
the B ’B,, State. It is also possible that it lies somewloater in energy and is effectively

isoenergetic with thé ?B,, state. [20]

The GH4CI," photofragmentation process is now considered.réngt photodissociation
signal into GH,CI" is observed when the laser is tuned to BiéB,, — X ’B,, band origin
(19622 crit =~ 2.4 eV) despite the fact that the energetic tholesiior the process has been

determined as 3.32 + 0.18 eV, [81] around 0.9 ebvabthe B ?B,, — X ’B,, band origin.
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The possibility that the-DCB" cations absorb but a single photon and alreadggssssufficient
internal energy to make up the deficit and takemthabove the fragmentation threshold
is unlikely given that very sharp vibronic bands avbserved in the lower energy part
of the spectrum and because of the absence oftiaibah hot bands. The most likely explanation
is that the photofragmentation process involvesatbsorption of 2 photons from the same 10 ns
laser pulse. Absorption of 2 photons from one lapalse could occur in a sequential

photo-absorption/internal conversion cycle illustthin Figure 3-10.

E, eV
A ’B,,
5 -
¥ 3
4 +
om0 E CeHaCl ~ 3,3V
3 -~ i 2BSaFragmentaticl)g threshold Y 2B2g

2- A VY

1 -{ Scanned

v 12
0 - X B2g ,0'C6H4C|2+

Figure 3-10 Scheme for a two photon dissociation dfie p-DCB” radical cation via the B 283u - X szg
system. Each photon absorption is followed by rapidnternal conversion to vibrationally excited leve$
of the X 2Bzg state. Absorption of 2 photons is sufficient to eeed the threshold for fragmentation
into CgH,CI™ + CI.

Resonant excitation of 8 ’B,, < X ’B,, transition yields, through internal conversion,
highly vibrationally excitedX 2Bzg state ions which in turn absorb a second photdhetame
frequency to produce vibrationally energizész3u state ions which then internally convert

to produce)z 2Bzg ions with~ 4.8 eV of vibrational energy. The second absormptitep
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would accessB ’B,, State levels with 2.4 eV of vibrational energy whethe density
of vibrational states is high. This sequential pssxseems feasible given that very rapid internal

conversion from theB 2B,, 0° level has been deduced from emission studigs=(10' s?).

[20] Internal conversion for higheé ’B,, Vibronic levels is likely to be even more rapid.

Based on the coincidence measuremengs],Cl," ions with E,j, = 4.8 eV would dissociate

at rates of 10- 10° s* (i.e. on timescales < 1 ms). [85]

It is interesting to note that the Ar matri ’B,, < X ’B,, absorption spectrum
is dominated by the0] band and thevs progression, with the {6 intensities dropping
as n increases. While theéd] and @ bands also occur in the gas phase photodissatiatio
spectrum, other transitions that might be expetteldave much lower Franck-Condon factors,

such as the 22 170, and § bands, also appear with comparable intensities.

Furthermore, the photodissociation spectrum becdnsasingly congested above 21000%cm
with sharp peaks protruding from a broad intensek@waund. There are several possible causes

for the intensity differences in the matrix andam@nt 2 photon photodissociation spectra.
The most important effect is probably saturatiorthaf first B ’B,, < X 2BZg absorption step

due to high laser powers so that the intensitieSrahck-Condon weak transitions are boosted.

Secondly, as the laser frequency is increased agteth vibronic levels are accessed

in the B ’B,, manifold in the first absorption step, the secphdton absorption step will be

to higher energies in tha ’B,, manifold where the density of vibrational stateslarger

(see Figure 3-10). For this reason it is more jikbat a second photon will be absorbed and that

the molecules will dissociate yielding a detectaldl@agment signal. If this is the case,
the consequence would be that the intensitieseohigher frequenc§ ’B,, < X 2BZg vibronic

bands would be enhanced relative to the lower ones.
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The sharp, narrow bands observed for BiéB,, — X ?B,, system in the current study

can be contrasted with the broad features obseimethe E — X ’B,, system of uncooled

p-DCB’ radical cations in a RF ion trap over the 3127 B8t range. [86]

The spectrum obtained by monitoringHz" photofragments showed a single broad feature
(fwhm =~ 200 cm), which corresponds to thE « X 03 transition observed in the Ar matrix,

superimposed on a broad background. The heliunebgtis cooling is presumably responsible

for the far narrower vibronic bands (fwhe8 cni') observed using our apparatus.

3.3 Two-photon two-colour photofragmentation

spectroscopy.

3.3.1 Polyacetylene cations.

The origin bands observed for #hél — X M electronic transitions of HE" through

HC1eH" are shown in Figure 3-11.

HCyeH* HCy4H* HCpH* HCyoH* HCeH* HCeH* HC,H*

.

T T T T T T T T | T
10850 12200 12300 14100 14200 16600 16700 19700 19750

cm™

T T T
8700 8750 9600 9700 10750

Figure 3-11 Gas phase origin bands observed for the?M — X M transition of the HC,,H" species.

and are summarized in Table 12.
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Table 12 Observed band maxima (nm) for thé\ 2l —X 21 polyacetylene cation series in the gas phase, the
estimated oscillator strengthd,., and inferred upper limits for the column densitiesN,,« in diffuse clouds.

Species Transition Amax, air fo-o Nimax/ 10 cm®
HC,H" ANy —XMg 506.8 0.04 1

HCeH* Ag—XN, 600.2 0.08 0.5

HCgH" ANy X2 706.8 0.08 0.3

HC1oH" AMg XN, 815.4 0.16 0.2

HCH" ANy —X2Mg 924.7 0.12 0.1

HC1H" ANy —X, 1034.6 0.1%

HCiH" A%, =X 1144.0 0.16

487], "[53], “Estimated from trend (see text)

The bands are not rotationally resolved because rbt@tional constants vary
from 0.15 cnt for HC,H™ to less than 0.01 chfor species larger than HEH". The best laser
resolution obtained was 0.3 @mIn addition lifetime broadening might occur asresult
of intramolecular processes. A shift in the oritpand to the red is observed as the number
of carbon atoms in the chain increases (Figure )3-ABo of note is that photostability and

oscillator strength have been reported to increasethe number of carbon atoms as well. [38]
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Figure 3-12 The linear relationship between the nuiver of carbon atoms and the location of the origitband
(A’ —X M) in the gas phase for the polyacetylene cations HE*.

Simulating the rotational profile of HE" using spectroscopic constants taken
from the literature [38] demonstrated that tempeest as low as 30 K were obtained

(Figure 3-13). [88]
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Figure 3-13 A simulation of the rotational profilefor the A 2I'|g— X N, transition of HCgH* demonstrates that
temperatures of 30 K were obtained in the ion trap.

Two spin orbit bands would be expected fromAa %M — X 2 transition
for the Mg, — M3 and the?Ma, — 2My, components. The intensity ratio of their two amigi
bands is determined by the temperature and the-aspin splitting in the ground state
(A" ~ -33 cm'). [89] The separation between the two bands isrdened by the difference
in spin orbit constants in the excited and groutades AA = A’ - A" ~ 2 cm). In the spectra
presented, however, only th& M3, — X M3 transitions are observed due to the cold
temperatures obtained through the collisional capfirocess.

Previous studies have shown that fory;HCapproximately 80% of the ions in the=0
level of theA “M, state fluoresce, with minor channels losing enettypugh non-radiative
processes. [53] The cited experiment measuredeboent lifetimes of 71 ns, 17 ns, and <6 ns

for the chain species HB", HGH", and HGH", respectively. The quantum yield, however,

was found to decrease as the chain size lengthemgidating that the non-radiative channel
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of relaxation becomes more important as the sizthefradical increases. Figure 3-14 shows
agreement with such a result; the lifetimes ofdReited ions held in the 22-pole ion trap were

probed by delaying the length of time between ttmtation and fragmentation laser pulses.

5004
400 -
300

H* counts

200 ~

C

100 -

I
300 400 500

I
200

delay, ns
T T T v | v

C3H+ counts

40 60
delay, us

Figure 3-14 Cooling dynamics of HGH" and HC;H™ observed by varying the delay between pump (507 600
nm) and probe (210 or 248 nm) lasers while monitang the intensity of the GH™ or C;H™ fragment ions.
Diacetylene cation was found to have an excitedtitife on the order of 75 ns.
Longer chains, on the other hand, demonstratedifisigntly longer lifetimes (> us).
As the number of carbon atoms in the polyacetyleagons increases the radiative decay
channel becomes a more minor process.
These results are similar to the findings olesg when examining the excited state

lifetimes of the protonated polyacetylenes, Hg of C,, symmetry, in the same ion trap. [54]
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For the n=6,8 species it was concluded that amnateonversion process occurred on a sub-ns
time scale; whether the excited ions crossed inkoner lying triplet state or into the ground
state’s highly excited vibrational manifold couldtnbe determined. TD-DFT calculations
indicated that more than a few triplet states veme@essible through an intersystem crossing from
the B 'A; singlet state that was being probed. In the céighe polyacetylene cations the spin
forbidden quartet state¥], and4l'lg, lie higher in energy in the linear geometry thia@ doublet
states that are accessed in this experiment. [@8juGtions for HGH™ and HGH", however,
show that the quartet states drop closer towardittieity of the doublet states as the molecules
bend. Therefore the quartet states could also alagle in the dynamics observed, similar
to the triplet states for the protonated polyaestgl species. The long lifetimes observed
in the trap may thus be attributed to a populatibmolecules in either the ground state’s highly
excited vibrational levels or in the close lyingamuet states. Excited radicals lose their internal
energy through collisions with the cooled heliumfféu gas, resulting in a vibrational
to translational energy transfer which graduallplsahe ions. Given the background pressure
of the buffer gas (approximately 4 x 1@nbar) and the size of the cold ion trap, an egémha

1 collision pemus occurs between the excited polyacetylene capeniss and the helium gas.

3.3.2 Protonated polyacetylene cations.

The spectra were recorded for the regions whereréspective transitions were first
observed in neon matrices after mass selected itiepog63] 345 nm and 248 nm UV laser
light was chosen as the probe wavelength fogHC and HGH," respectively. Loss of both
CsH, and GH was monitored as the fragmentation channels fih HHGH," and HGH,"
cations.

The electronic absorption spectrum of $#iz", observed by measuring the fragment ion

CsH", is shown in Figure 3-15.
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Figure 3-15 The origin band in theB IA; < XA, electronic transition for HCgH," and DGgD,"

two-photon two-colour photofragmentation process bymonitoring the CsH* or CsD* fragment

recorded via a
ions produced.

The transition appears in the gas phase around@Ikh'; a 14 cm' blue shift from

the neon matrix value. [63] This result is consisteith the polyacetylene cation series in which

gas to Ne matrix shifts amounted to no greater thraa percent of the transition’s frequency.

[38] The corresponding transition for the deutedatspecies, DED,’, is
in Figure 3-15.
and displays a similar rotational profile. Figurd @ shows the same H@," trans

detail.

also shown

The deuterated species has a shifé (8 cm’) with respect to HgH,"

ition in higher
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Figure 3-16 The origin band in theB 'A; « X 'A; electronic transition for the HCgH," cation, recorded via a
two-photon two-colour photofragmentation process bymonitoring the CsH™* fragment ions produced. Above
the spectrum lies the simulated fit and an inset deonstrates the effects of saturating the transitiorfsee text).

The band is not rotationally resolved because ttational constant for HEl," is on
the order of 0.02 crh (vide infrd and the bandwidth of the OPO laser was 0.3'.cm
It is possible, however, to interpret the bandanms of unresolved P and R branch contours.
The width of the peak is about 4 ¢m Saturation effects were observed upon incregsavger
of the scanned laser. Specifically, P and R brasichere broadened and a visible Q branch
became more apparent, as shown in the inset ofrd-igtl6. Figure 3-17 shows the similar

electronic transition for HEH,", observed by monitoring the fragment iogHC.
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Figure 3-17 The origin band in theB 'A; « X 'A; electronic transition for the HCgH," cation, recorded via a
two-photon two-colour photofragmentation process bymonitoring the C;H* fragment ions produced. Above
the spectrum lies the simulated fit and an inset daonstrates the effects of saturating the transitiorfsee text).

The transition occurs near 26,404 tin the gas phase, 10 &med shifted with respect
to the same transition observed in Ne matricese Uresolved rotational profile has a width
of 6 cm'. The rotational constant for HB," is on the order of 0.04 chmand the laser
resolution obtained without the use of an intetalon was 0.15 cth An inset in Figure 3-17
demonstrates the effects of increasing the laseepo saturation leads to a broadened profile
and an increase in the relative intensity of ther@ach.

There are a number of possible structures for ti@.Hb" species. Previous analysis
from the IR spectra of the mass-selectedHtC (n = 4,6,8) ions in a neon matrix [63] concluded
that the linear protonated form is preferred by phesence of C-H stretches in the Odfoup
and totally symmetric C-C stretches along the carbkeleton. Calculations can give insight
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into the geometries of the studied species as Whkse have shown that a lineax, Structure
is the most stable isomer for the HG" species; [60] it can be argued that the interastiaf the
n-type orbitals on all four carbon atoms inevitabigrm the linear carbon backbone.
On this basis one might expect that collisionalaxation of the larger chain species
(HCeH," and HGH,") will likely result in linear G, structures as well. To confirm this
assumption calculations on the ground state of btEiH," and HGH," have been performed
using the B3LYP functional. [90, 91] A DFT B3LYPAX/TZ level calculation verified
a Gy symmetry for these larger chains and revealéé@electronic ground state for both

species (Figure 3-18).

H
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1.07 1.22 1.33 1.24 1.30 1.29
H C C C C C C ) 118.2
1.09
H
H
1.09
1.07 1.21 1.33 1.24 1.31 1.25 1.29 1.29
H C C L L C C C C ) 118.2
1.09
H

Figure 3-18 Calculated structures of the ground st& HC¢H," and HCgH," using the DFT B3LYP/cc-pVTZ
level of theory.

Table 13 . Inferred ground (X 'A;) and excited B 'A,) state rotational constants. (ConstantB refers
to 2B + C)).

HCeH," HCgH,"
T,/ cm® 26,404.6 21,399.8
B' / cm* 0.0433 0.0187
B'/ cm? 0.0426 0.0186
B'/ B 1.01 1.13
A"/ cm?t 9.58% 9.612
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A/ cmi? 9.8 9.8

#Via TSF procedure
® From DFT geometry calculated at the B3LYP/cc-PM@zel

The DFT calculation also yields the ground stat¢éational constants (Table 14).
Because the electronic transitions in Figures 33t56, 3-17 are not rotationally resolved it is
necessary to rely on calculations to obtain infdramaconcerning the spectroscopic properties of
the excited states. Thus a TD-DFT calculation, altsthe DFT B3LYP/cc-pVTZ level of theory,

was carried out for the three lowest lying elecdicdransitions (Table 14).

Table 14 Calculated vertical excitation energies (& and oscillator strengths.

TD-DFT CIS
Species State (cc-PVTZ) f (cc-pVvVDZ) f Experiment

HCH," ‘A, 1.55 0.00 1.79 0.00
A, 3.44 0.01 3.091 0.03 3.27 eV
A, 3.82 0.00 4.13 0.00

HCeH," A, 1.25 0.00 1.66 0.00
A, 2.75 0.01 3.36 0.07 2.60 eV
A, 3.15 0.00 3.57 0.00

This predicts that only a vertical transition t@ thecond excited electronic state is dipole
allowed. Therefore the origin band observed ingbectrum can be assignedBa®A; — XA,
a parallel a-type transition.

While the TD-DFT calculations can determine the sytry of the excited state, a more
comprehensive calculation can verify if the traosit actually populates a bound state.
Both a HF and a CIS calculation on the ground ardted states for both species were
performed using the cc-pVDZ basis set. The resal® shown in Table 14, indeed indicate

convergences to excited state geometries that detnate the same symmetries as the TD-DFT
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calculation. Thus both methods are able to conéirparallel transition, which is in accord with
the absence of K-structure expected for perperaiddnds in the observed spectrum.

As the rotational structure is unresolved a legstases procedure called “total spectrum
fitting” (TSF) was used to obtain the molecular stamts. [92] The spectrum of an asymmetric
top molecule is characterized by the rotationalstamtsA, B, and C in both the ground
and excited states, the transition frequency, teatpee, spin statistical weights, a FWHM
of Gaussian line shape, and an amplitude and baseblas. This can yield spectroscopic
constants for the excited upper state. The grataie rotational constangs', B", andC" were
fixed using the results from the DFT calculationtla¢ B3LYP/cc-pVTZ level, the transition
frequency was taken from the experimental spectand,the temperature was modeled at 30 K.
The simulations are shown in Figures 3-16, 3-14 #me results of the fitting procedure
are tabulated in Table 13. In general Aeonstants could be varied significantly @.1 cn')
and still give reasonable profile fits which quatitely match the experimental spectra.
This variation also introduced large errors in btte A' constants andA, as well as inlo.
For both of these species a proper analysis aw@tsneasurement of a rotationally resolved
spectrum.

From both the calculations and the experiments aare conclude that the ions undergo
a minimal change in geometry during B€A; — X *A; electronic transition from the ground
state to the second excited state: specifically,changes by no more than 2 % for ¢Hig’
and HGH,", indicating that the hydrogen atoms occupy a singeometry and the bond angles
are comparable in the two states. Also, for bottsithe ratio oB"/B' is close to unity, as would
be expected for a long chain in which only a minbange in molecular geometry takes place
during the electronic excitation.

Scanning to the blue of the origin band of g at 467.25 nm revealed the presence

of a vibrational band in the excited state. Loda€457.2 nm, this band matches well with the
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matrix band observed at 457.5 nm: a 472'@rC stretch. Other vibrational bands were not
sought.

In order to understand how the two-photon processcgeds the deactivation
of the protonated species in the bound excitedreleic state was studied by varying the time
delay between the scanned and fixed fragmentatamers. From this time dependence

(Figure 3-19) one can speculate about the dynaoaicsrring in the ion trap.

10 r—r———7——7T— 77T

CSH2 counts

| | |
0 50 100 150 200 250 delay, ps

Figure 3-19 Cooling dynamics of excited HgH,", observed by varying the delay between the 467.8@n pump
and 248 nm probe lasers while monitoring the interity of the CsH," fragment ions.

A search for the HgH," B *A; — X!A; origin band using a laser induced fluorescence
spectrometer revealed no detectable signal, thusodstrating that there must be a fast
depopulation of the excited state to the groundestan a subnanosecond time scale.

The measured time constant from the decay tracersi Figure 3-19, however, lies in the us
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time regime is thus related to subsequent collaideactivation: given the background pressure
of the buffer gasx 4 x 10* mbar) and the size of the cold trap, an estimatedllision per ps
occurs between the excited protonated polyacetykgecies and the helium gas, resulting
in a vibrational to translational energy transfdrieth gradually cools the hot ions. Figure 3-20
depicts the observed scenario: a conversion pradesspulates th8 'A; excited state faster
than the radiative decay toX 'A;, leading to a long lived excited population

in either the ground state or a triplet manifold.

Fragmentation Fragmentation
A A

A Ay

> 109 51

hv

T<NS

X 1A, ‘

Figure 3-20 Lack of fluorescence indicates that thexcited electronic stateB 'A; obtained usingA, is short
lived (< ns), thus decaying through an intermolecualr process. A longer lived state, which exists éier as a
highly excited vibrational X *A; or a triplet manifold (e.g. *A,), is subsequently depopulated through collisions
with the helium buffer gas.

The second UV photon in the experiment then fragm#re ions found in either of these
longer lived energy levels. Whether the excitedsi@ross into a lower lying triplet state
or are internally converted into the ground statkighly excited vibrational manifold
iS not certain.

The DFT theory predicts an electron configuratiér2i,)*(2b,)%(3b,)?(3by)? for the four
highest occupied molecular orbitals of #G", leaving the (45°(4b)°(5b,)°(5b,)° orbitals open
for excitation (HGH,", by analogy, should have a similar electron canfgjon).

For comparison, a previous DFT calculation on4HE places the lowest lying triplet state
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approximately 1.4 eV higher in energy than the Isinground state, with the only difference
in geometry being a slightly lengtheneddHC bond in the triplet state. [60] However, thevést
lying triplet state for HgH.", as predicted using a simple TD-DFT calculatisrgiA, state with

an electron configuration of (2B(2by)4(3b,)%(3by) (4by)?, thus rendering an intersystem crossing
from the excitedA; manifold to this triplet state doubly forbiddencadrding to the TD-DFT
calculations, at least two to three triplet statés’A; and A, symmetry lie betwee 'A;
and X 'A; for both HGH," and HGH," (HCgH,"™: A, (0.8 eV), %A, (1.8 eV), %A, (2.1 eV),
%A1 (2.8 eV), HGH.": 3A, (1.0 eV),?A, (2.3 eV),*A, (2.6 eV),*A; (3.4 eV)). This leaves open
the possibility that one of these triplet states absorbing the UV photon leading

to fragmentation.
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Chapter 4 Conclusions.

The apparatus was developed to study the electgpd@ctra of large organic ions, which
may be of astronomical relevance. In order to obtd compare the laboratory electronic
absorption spectra with interstellar absorptionise tinternal degrees of the ions have
to be cooled to temperatures appropriate to irgkastspace, 20 - 100 K. This has been achieved
as the recorded electronic spectra ¢ON and p-DCB* demonstrate. In the case obQN,
the rotational temperature achieved is 25 K angpfDICB* the narrowness of the vibronic bands
and the absence of hot bands shows that the dhedtdegrees of freedom have been cooled
to comparable temperatures. The resulting abseorpjmectrum ofp-DCB’, rich in vibronic
structure, can be assigned to numerous modes inexbged state and their frequencies
are inferred. The photofragment spectrum is a teduhbsorption of two photons in a process
involving sequential internal conversion.

The analysis of the rotational K-structure resolvesh the origin band
of the A ’E, < X 2Eg transition of 2,4-hexadiyne cation, and the absent sequence

vibrational bands, indicate that the approach dmes to study the electronic spectra of larger
polyatomic cations which have been collisionallylaxed to temperatures relevant
to the interstellar medium is successful. In thespnt case the vibrational and rotational degrees
of freedom are equilibrated to 20-30 K. The systendied here was selected because one
photon transitions were known to lead to fragméomatfrom the excited electronic state
and the K-structure was resolvable. The richnessthef vibronic spectrum is obtained
by saturating the weak transitions and thus mayuged to deduce vibrational frequencies
in the excited electronic state in larger, coldsion

The gas phasa 21 — X M origin bands of seven different polyacetylene aratthains
have been recorded, with HE", HCyH*, and HGeH™ presented for the first time.
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A two-colour two-photon pump-probe experiment waesdito dissociate the polyatomic species
in a 22-pole ion trap, which led to efficient cawiof the studied species through collisional
relaxation with cryogenically cooled helium. TlaBows a comparison of laboratory collected
spectra to astrophysical observations. In thisesehe data for H{" through HGH® were
previously compared to the diffuse interstellar dmDIB) literature and revealed no distinct
matches. [5] A consultation of similar referencés93-96] also yields no corresponding features
for HCygH™. In the case of HGH", HC4H", and HGeH" the comparison is difficult due
to the fact that there are few detectable DIBs neplolongward of 800 nm. A recent study
compiled DIB data up to 963 nm; [93] however no chats corresponding to the origin band
of HC;,H™ were found.

An upper limit to the column density for thiseries can be estimated from

_1.13x 16°W,_

N, (cm?) yT

, Wheref is the oscillator strength of the electronic tiaos and

Whax represents the equivalent width.  Experimentalillasor strengths have been reported
for HC,H™ and HGH™ (Table 1). [53, 87] Extrapolating this trend famber chains yields
fo.o = 0.08,fp0 = 0.10, ando.o = 0.12 for HGH", HC,oH", and HG-H". [5, 97] Using estimated
equivalent widthdNmax = 10 mA as the sensitivity limit for DIB detection the visible region
gives the upper limit column densities shown inl&al®.

The gas phase electronic spectra of two protonataglacetylene chains have been
reported for the first time. A two-colour two-pbot pump-probe experiment was used
to dissociate the polyatomic species in a 22-pole trap, which allowed efficient cooling
of the studied species through collisional relatiwith cryogenically cooled helium.
This enables a comparison of laboratory collecpsta to astrophysical observations.

The observed origin band (467.3 nm) in thetedmic spectrum of HgH," does not
correspond with any known feature listed in thdudié interstellar bands (DIB) literature. [95,
96] In the case of Hg,", the origin band at 378.7 lies in a region whéeré are no detectable
DIBs, with the exception of some shallow broad apsons. [4] An upper limit to the column
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1.13 x 16°'W__,

FT Here, a calculated

density of HGH," can be estimated fronN__ (cm?) =

max

oscillator strengtti (0.03) is taken from the TD-DFT calculation andeguivalent widthWimax

of 10 mA is assumed as the sensitivity limit forBDtletection in the visible region based
on the weakest detectable features usually obseri@s] As a result an upper limit
for the column density of H§El," in diffuse clouds is on the order of t@m.

The absence of rotational structure makesearctut assignment of the geometry
difficult. Calculations and spectra from mass skegé species trapped in neon matrices show
that the protonated form, HB," of C,, symmetry, is the structure observed. Through rirogle
the band profile in the measured gas phase spbottaupper and lower state spectroscopic
constants were determined. The measurement ofiommédly resolved spectra will be able

to confirm these proposedstructures.
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Chapter 5 Outlook.

The experiments have proven that the apparatugdbas a 22-pole trap, is capable
of cooling the vibrational and rotational degreésfreedom of large cations to temperatures
relevant for the ISM. In order to improve performan further modifications are suggested
and outlined below.

Reorienting the ion source could improve the openaby reducing background pressure.
The position of the current source causes someuliies: because it creates a relatively high
background pressure in mass the spectrometer’s ldrarin order to prevent sparking in the
guadrupoles the background pressure must be reduced

The current experimental setup also allows neugnalsr the mass spectrometer, which can
be then ionized or fragmented by UV laser lighsutgng in a noticeable background, that can
hide weaker spectral features. Finally, having thain axis of the whole apparatus free
from the ion source will make laser alignment easie circumvent all these difficulties
one should install the ion source perpendiculahwéspect to the main axis of the apparatus

(Figure 5-1)

Magnetic Bender Quadrupole 22-Pole Trap (6 K) Quadrupole HV Electrode

ol

Ion source Hexapole Helium Inlet Lenses Photomultiplier Laser

Figure 5-1 Simplified sketch of the modified appartus.
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As can be seen in the figure, ions generated insthece are then bent by 90 degrees
through a magnetic field. The magnetic bender lisvieed by a hexapole, which guides the ions
into the first quadrupole mass spectrometer. Wiithsa configuration most of the neutrals will
end up in the turbopump of the source chambenvailp only charged particles to enter the rest
of the apparatus. By filling the hexapole with rodemperature helium buffer gas the ion’s
velocities can be equilibrated, resulting in adretbhass resolutions.

The second proposed improvement is to install azokelectric valve. Currently helium
buffer gas enters the 22-pole trap by continuowsv.flOn one hand, this allows one
to measure the cooling rate of an ion’s excitedctedmic state through collision with
cryogenically cooled helium. However, the preseoicbelium gas also limits the measurement
of the real lifetime of the exited state. To dostloine must eliminate all helium just before
the laser excitation. In order to be able to ds thivould be nice to fill the trap with helium for
only a short amount of time.

The piezzo valve can easily generate very shortl@ ps) and intense gas pulses.
This will create a high number of helium atoms e ttrap for a short time. At 5 K high
concentration of helium gas will create ion-helisomplexes between the large ions and helium
through three body collisions. As a result, absorpof one resonant photon will lead to a rapid
dissociation of these complexes. An absorption tspecof the large ions can thus be measured
by recording the number of these ionic complexessug the wavelength of tunable laser

radiation.
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