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ChapterChapter 2 

ExperimentalExperimental Details 

2.11 Laser System 

Thee heart of the laser system used to study the molecular systems in both the 

fluorescencee as well as the excited-state photoelectron spectroscopic experiments 

describedd in this thesis consists of a pulsed XeCl excimer laser (Lambda Physik 

EMG103MSC)) producing 17 ns pulses with a fixed wavelength of 308 nm and a 

maximumm power of 200 mJ per pulse. The UV radiation generated by the excimer 

laserr is used to pump either one or two dye lasers {Lumonics HyperDye-300), which 

havee a tuning capability in the wavelength range from 330 to 700 nm when employing 

variouss organic dye solutions (conversion efficiency 8-15 9c). The laser light 

generatedd by the dye laser has a spectral band width of about 0.06-0.08 cm'. The 

wavelengthh tunability can be extended using a Second-Harmonic Generation unit 

(Inradd Autotracker II), which employs an angle-tuned KDP or BBO nonlinear crystal. 

Thee UV radiation after frequency-doubling ranges from 220 to 350 nm and has a 

maximumm energy of approximately 1.5 mJ per pulse and a bandwidth of about 0.15 

cm"1.. Calibration of the wavelength of the dye laser output can be accomplished in 

twoo ways. The first method is based on the use of the optogalvanic effect in neon 
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usingg a (Cr/Ne) hollow cathode discharge lamp. The second technique, possible when 

performingg excited-state photoelectron spectroscopic experiments, employs 

resonance-enhancedd multiphoton ionisation of xenon or krypton via well-known 

excitedd states. 

Dependingg on the kind of experiment, the excitation beam is steered into the 

expansionn chamber of the fluorescence setup or into the ionisation chamber of the 

"magneticc bottle" spectrometer (excited-state photoelectron spectroscopy). In the 

formerr case, the laser light is focussed by means of an external quartz lens (500 mm 

focall  length). In the excited-state photoelectron spectroscopic experiments the laser 

beamm is focussed into the ionisation chamber of the "magnetic bottle" spectrometer 

usingg an internal quartz lens with a focal length of 25 mm. In a two-colour excited-

statee photoelectron spectroscopic experiment the two laser beams are 

counterpropagatedd and focussed into the ionisation chamber of the "magnetic bottle" 

spectrometerr by two separate lenses mounted on opposite sides of the spectrometer. 

Thee two laser beams are overlapped in time using a fast silicon photodiode (HP5082-

4203). . 

2.22 Fluorescence Setup 

Thee experimental setup for performing high-resolution fluorescence excitation 

andd dispersed emission spectroscopy on samples seeded in a molecular beam consists 

off  an expansion (vacuum) chamber mounted with a nozzle system. The fluorescence 

experimentss described in this thesis have mainly been performed using a heatable 

pulsedpulsed injector (Chapter 3 and 8) although some of the earlier experiments (Chapter 8) 

havee been carried out with the "old" heatable continuous nozzle system. Figure 2.1 

showss the experimental setup that will be discussed in some detail below. 

Thee expansion chamber is a home-made cylinder made of stainless steel with a 

diameterr of 250 mm and a height of 560 mm. At either side of this cylinder an 

entrancee (to allow excitation of the jet) and exit (to measure the intensity of the laser 

light)) window have been mounted for the passage of the laser beam. In order to 

minimisee reflections, these windows have been placed under the Brewster angle. 

Furthermore,, to facilitate alignment of the laser beam with respect to the molecular 

beam,, and to minimise any scattering of the laser beam against the wall of the 
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expansionn chamber, the laser beam is skimmed by three diaphragms located inside the 

expansionn chamber before entering the region of the supersonic jet expansion, and 

subsequentlyy skimmed in a similar fashion upon leaving the expansion chamber. The 

vacuumm system responsible for evacuating the expansion chamber consists of a Roots 

pumpp (Edwards EH500) backed by a rotary fore pump (Edwards E2M80) and can 

achievee a pressure of 3x10"4 mbar. 

Excimerr Laser 

Monochromator r 

Computer r 

Dyee Laser 

fc fc £1 1 

Rootss pump Rotaryy tore pump 

Vacuumm Chamber 

FigureFigure 2.1. Experimental setup for the supersonic jet fluorescence experiments. SHG = Second-

HarmonicHarmonic Generation. PMT = Photomultiplier lube, Inj. = Injector. DG = Delay generator. The solid 

lineslines refer to data input channels, the dotted lines to trigger signals. 

Thee home-made injector is mounted vertically into the expansion chamber and 

connectedd to the carrier gas. As mentioned before, two different kind of heatable 

molecularr beams have been employed to perform fluorescence experiments described 

thiss thesis. The "old" continuous injector consists of two compartments: an upper 

compartmentt consisting of a copper vessel enclosing the compound under 

investigation,, and a lower compartment consisting of a tube leading to the nozzle that 
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cann be heated separately from the first compartment. In a typical experiment the 

continuouss nozzle was equipped with a pin-hole of 100 fim. 

Thee advent of the more sophisticated pulsed injector has made it possible to 

carryy out the experiments in a more economic way with respect to sample and carrier 

gas.. Moreover, a pulsed injector will sustain a somewhat lower pressure in the 

expansionn chamber, and thus lead to better cooling conditions. This type of molecular 

beamm consists of a stainless steel container to which a heatable pulsed nozzle (General 

Valvee Series 9) is connected. A removable pyrex vessel containing the sample can be 

placedd in this heatable container. The nozzle can be fitted with a number of pin-holes 

withh various diameters (e.g., 100, 200, 500, and 1000 jUm). Most commonly used is 

thee pin-hole with a diameter of 500 fim. When heating of the sample is required to 

obtainn sufficient vapour pressure, the temperature of the nozzle is usually set to a 

temperaturee of about 10 °C higher than that of the sample container in order to 

preventt condensation and clogging of the nozzle orifice. With a "regular" coil 

assemblyy (General Valve P/N 9-181-05O-2) the maximum temperature is limited to 

2000 °C, but fitting the injector with a "hot body" coil assembly (General Valve P/N 9-

279-050-2)) extends this maximum temperature up to 235 °C. The repetition rate of the 

injectorr - usually chosen to be about 30 Hz - as well as the pulse width - typically 350 

too 650 ^s - can be set using an Iota One Pulse Driver (General Valve P/N 60-1-900). 

Thiss pulse driver is also used to trigger the pulsed XeCl excimer laser. 

Synchronisationn of the pulsed molecular beam and the laser pulse in time is achieved 

byy a home-made delay generator (typical delay times used are 500 to 850 /us). 

Inn a typical experiment, in which an optimal trade-off between cooling 

conditionss and signal-to-noise ratio is aimed for, excitation of the jet occurs at a 

distancee of about 1-3 mm from the nozzle orifice. The fluorescence from the jet-

cooledd molecules is collected at right angles with respect to the excitation light and 

thee molecular beam by a spherical quartz condenser (Melles Griot 01MCP119, 

diameterr of 50 mm, and a focal length of 50 mm), and imaged onto the entrance slit of 

aa Zeiss M20 grating monochromator (dispersion 5 nm/mm) equipped with an EMI 

95588 QA (S20) photomultiplier. The output of the photomultiplier is integrated during 

11 jd&  with a boxcar integrator (SR250), whose output is read out and averaged by a 

computerr controlling the experiment. In a typical experiment excitation spectra have 

beenn obtained by scanning the dye laser in steps of 0.1 cm"1, averaging over a number 
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off  laser pulses, typically 10 to 100, and dividing the fluorescence signal by the laser 

intensityy as measured by a radiometer (EG&G model 580). 

Althoughh the spectral resolution of the monochromator did not fully meet the 

requirementss to obtain vibrationally fully-resolved dispersed emission spectra, single 

levell  emission spectra have been recorded for DCS and DANS. In these experiments 

thee photomultiplier is cooled with a mixture of ethanol and dry ice to -78 °C to reduce 

thee dark current. Emission spectra of DCS and DANS have been obtained by scanning 

thee monochromator with a slit width of 0.1 mm (spectral resolution of about 40 cm'1) 

andd averaging the signal over a number of laser pulses - typically around 100. 

2.33 "Magnetic Bottle" Electron Spectrometer 

Thee construction of the "magnetic bottle" electron spectrometer employed in 

thiss thesis is based on a design by Kruit and Read [1]. Although also suited for mass* 

selectivee detection of radical cations formed in the resonance-enhanced multiphoton 

ionisationn process, the outstanding merits of its design, i.e., a high collection 

efficiencyy and a high energy resolution, are related to the detection of photoelectrons. 

Thiss high collection efficiency as well as high energy resolution are achieved by the 

usee of a well-designed strongly diverging magnetic field - hence the name "magnetic 

bottle""  - used to collect the photoelectrons produced in a small photoionisation 

volume,, and subsequently guide them into a flight tube for time-of-flight (TOF) 

analysis.. Figure 2.2 shows a schematic overview of the experimental setup employed 

forr performing excited-state photoelectron spectroscopic experiments. The essential 

featuress of the "magnetic bottle" spectrometer itself are shown in Figure 2.3 [2], and 

wil ll  be discussed in some detail below. 

Insidee the ionisation chamber a strongly divergent 1 Tesla field is present, that 

diminishess over a few cm to 10"3 Tesla at the beginning of the flight tube. This 

inhomogeneouss magnetic field is responsible for a 50% collection efficiency 

(acceptancee angle 2n sr) of the photoelectrons with kinetic energies ranging from 0 to 

100 eV, independent of the polarisation of the excitation light. The trajectories of 

photoelectrons,, that have a velocity component in the direction of the flight tube, are 

madee parallel in the first few millimeters, which is a relatively small distance 

comparedd to the 50 cm length of the flight tube. After this parallelisation, the 
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photoelectronss enter a uniform magnetic field that guides them down the flight tube. 

Att the end of the flight tube a pair of microchannel plates (Hamamatsu Fl094-03) 

allowss for the detection of the photoelectrons and hence the measurement of the flight 

timess associated with the kinetic energies of the photoelectrons (TOF method). The 

resultingg signal is stored in a 500 MHz digital oscilloscope (Tektronix TDS540) and 

readd out by a computer controlling the experiment. 

Excimerr Laser Dyee Laser SHG G 

V+ V+ 

- ^ ^ 

^ ^ 

~t ~t 

Sr-*LH0D3«Z] ] 
"Magneticc Bottle" 

Spectrometer r 

MCP' ' 

Computer r Oscilloscope e 

Figuree 2.2. Schematic overview of the experimental setup for the supersonic jet excited-state 

photoelectronphotoelectron spectroscopy experiments. BS = Beam splitter, PD = Photodiode, SHG = Second-

HarmonicHarmonic Generation, Inj. = Injector, DG = Delay generator, MCP's = Multichannel plates. The solid 

lineslines refer to data input channels, the dotted lines refer to trigger signals. 

Thee conditions under which the trajectories of the photoelectrons are 

parallelisedd makes a TOF method suitable to measure their kinetic energies. This 

methodd allows one to obtain a photoelectron spectrum by converting the TOF 

spectrumm of the photoelectrons to a linear energy scale [2,3]- The best resolution in a 

photoelectronn spectrum is achieved for slow electrons. In order to achieve the same 

energyy resolution for all kinetic energies of the photoelectrons, a retarding voltage can 

bee applied on a grid to decelerate the photoelectrons at the first part of their 
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trajectoriess in the flight tube just after they have been parallelised. By increasing the 

retardingg voltage in a step-wise fashion, and converting at each step only the high-

resolutionn part of the TOF spectrum, i.e., at long flight times, a photoelectron 

spectrumm is created. Using this procedure, an optimum resolution of 6-8 meV 

(FWHM)) at all electron kinetic energies can be achieved, although in practice we 

generallyy are already satisfied with a resolution of 10-15 meV. Absolute calibration of 

thee kinetic energies of the photoelectrons is typically performed by recording the 

flightt times of photoelectrons produced in a resonance-enhanced multiphoton 

ionisationn process via well-known ionic spin-orbit excited states of atomic xenon or 

kryptonn as a function of the retarding voltage. 

Supersonic c 
jett expansion 

Pumpingg Pumping 

FigureFigure 2.3. Schematic picture, based upon the representation of the "magnetic bottle " as presented by 

RijsRijs et al.[2], of the spectrometer used for excited-state photoelectron spectroscopy in the present 

thesis.thesis. MCP 's = Multichannel plates. 

Inn front of both pole faces of the 1 Tesla electromagnet located in the 

ionisationn chamber a grid is mounted for the application of static or pulsed electric 

fields.. These grids are essential for performing Zero-Kinetic-Energy Pulsed-Field 
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Ionisationn (ZEKE-PFI) experiments [4,5] or mass-resolved ion detection. Since none 

off  the experiments described in this thesis have been performed using ZEKE-PFI, we 

wil ll  not go into experimental details about this spectroscopic technique. Instead, the 

readerr is referred to References 4 and 5 for the application of ZEKE-PFI using the 

"magneticc bottle". As mentioned before, the "magnetic bottle" can also be employed 

forr mass-selective detection of the radical cations formed in the resonance-enhanced 

multiphotonn ionisation process. In order to do so, appropriate voltages have to be 

appliedd to the grids mounted on the magnetic pole faces to guide the ionic species to 

thee microchannel plates, of which the voltage polarity is reversed with respect to 

electronn detection. At present a mass resolution (M/AM) of 300 can be achieved. The 

collectionn efficiency for ions is, however, smaller than for electrons. Finally, the two 

gridss in the ionisation chamber are also employed when photoelectrons are produced 

inn the resonance-enhanced multiphoton ionisation process with near zero-kinetic 

energy.. In that case they serve to accelerate them and to push them into the flight tube 

forr analysis. 

Thee spectrometer, of which the "magnetic bottle" is a part, can be divided into 

threee separate chambers: the expansion chamber for the preparation and skimming of 

thee supersonic jet expansions, the ionisation chamber, and the flight tube. Each of 

thesee three chambers is evacuated by high-vacuum pumping system. The expansion 

chamber,, located on top of the ionisation chamber and connected to this chamber via a 

skimmer,, is pumped by an Edwards Diffstak 2000 oil diffusion pump backed by an 

Edwardss E2M40 rotary fore pump. The ionisation chamber is pumped by a Balzers 

TPHH 170 turbomolecular pump backed by a Leybold Trivac D16B rotary fore pump. 

Thee flight tube, connected to the ionisation chamber via an opening (diameter of 2 

mm)) in one of the two pole faces and the grid mounted in front of it, is evacuated by a 

Leyboldd Turbovac 450 turbomolecular pump, which is backed by a Leybold Trivac 

D25BB rotary fore pump. Recently, a fourth pumping system has been installed in 

orderr to be able to evacuate the inlet tube for the effusive introduction of a sample 

moree efficiently. This tube is connected horizontally to the ionisation chamber via a 

smalll  opening with a diameter of 2 mm in the pole face that is located on the opposite 

sitee of the flight tube in the ionisation chamber. Due to the large free mean path 

createdd by the high-vacuum system in the ionisation chamber, pumping of this inlet 

tubee via the ionisation chamber is very inefficient. For this reason a Pfeiffer TCP 040 
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turbomolecularr pump backed by a Leybold Trivac D5E rotary fore pump is used to 

evacuatee separately this inlet tube when no gas is introduced effusively. 

Thee nozzle system is mounted vertically on top of the expansion chamber and 

partt of it is exchangeable with the nozzle system mentioned in Section 2.2 describing 

thee fluorescence setup - see Section 2.2 for technical specifications concerning the 

nozzlee system. The molecular beam is skimmed by a skimmer (Beam Dynamics) with 

aa typical diameter of 500 jim. The orifice of the nozzle is typically 500 fim. In order 

too achieve optimum cooling conditions, the expanded jet flow is collimated by the 

skimmerr located typically between 1 to 4.5 cm downstream of the valve orifice. The 

distancee between the skimmer and the ionisation region is about 20 cm and is fixed. A 

home-builtt delay/pulse generator is used to control the timing (typically between 400 

too 600 (is,) of the gas pulse relative to the laser pulse. Typical backing pressures used 

inn the experiments described in this thesis are about 3 bar of helium. With a typical 

temporall  width of the pulse generated by the molecular beam of 200 (is and 

maintainingg a repetition rate of 30 Hz, a pressure within the range of 104-105 mbar in 

thee expansion chamber is measured with a Penning gauge (Edwards CP25-K). The 

pressuree in the flight tube is not measurably dependent on the inlet of gas via the 

molecularr beam system, and is about 1x107 mbar as measured by a high-vacuum 

ionisationn gauge (Leybold IE20). When a sample is introduced effusively, the 

pressuree in the flight tube is typically kept at a typical value of around lxlO"6 mbar. 
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