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Chapterr  1 

Introductio n n 

1.11 General remarks 

Photoelectronn spectroscopy (PES) has made an important contribution to our knowledge 

off  the electronic structure of molecules. In the present thesis, this experimental method is 

appliedd to obtain detailed information on the electronic and sometimes vibrational character 

off  excited states in some small polyatomic molecules. In addition to spectroscopic 

characterization,, this technique is also used to study the dissociation dynamics occurring after 

multiphotonn excitation of H2. 

Inn the first PES experiments, the molecule under study was excited with a single VUV 

photonn to a virtual level above the ionic ground state, resulting in the loss of an electron and 

formationn of an ion in a specific state [1]. On the basis of the momentum conservation law 

andd the large mass difference between the ion and the electron, it can be seen that virtually all 

kineticc energy released in the ionization process is carried off by the photoelectron. Therefore, 

thee energy balance for the interaction of a molecule with a photon with energy hv is given by 

MnternaJ,moleculee "»"  XlV — It-molecule ~i~ ^internal.io n "  i^kii^electro n 

wheree the ionization energy, IE, is the minimum energy required to ionize the molecule from 

itss ground state. This equation shows that, when the photon energy is known, the internal 

energyy of the ions can be determined by analyzing the kinetic energies of the electrons. 

Dependingg on the photon energy available, electrons from different valence molecular orbitals 

mayy be removed, so that generally several bands are observed in the photoelectron spectrum. 

Eachh band corresponds to a transition to a particular electronic state of the ion and contains 

informationn on the binding energies of the electrons. Light sources that have been employed 
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forr single-photon ionization are He(I) and Ne(I) lamps, which provide radiation at a few fixed 

frequencies.. Tunable VUV radiation has also been utilized from pulsed synchrotron sources. 

AA molecule can not only be ionized by one photon of high energy, but also by 

simultaneouss absorption of several photons of lower energy. For such a multiphoton 

ionizationn (MPI) process, radiation with a high photon flux is required. With the development 

off  high-intensity pulsed lasers, MPI experiments have become feasible. 

Iff  the energy of an integer number of photons (n) is equal to the energy difference 

betweenn the ground state and a neutral excited state of the molecule, a multiphoton absorption 

too the excited state may occur. The angular momentum selection rules governing multiphoton 

transitionss depend on the number of photons involved and are different from those for one-

photonn electric dipole transitions. An overview of multiphoton transition selection rules has 

beenn given in ref. [2]. In many cases they allow excitation of states that cannot be accessed by 

one-photonn absorption from the ground state. Ionization of the molecule occurs by subsequent 

absorptionn of m photons from the excited state. This absorption step is also subject to strict 

selectionn rules [3,4], but these can normally be fulfilled as the ejected electron carries off 

excesss energy and angular momentum. In this two-step excitation and ionization scheme, a 

lowerr number of photons has to be absorbed simultaneously than with non-resonant 

ionization,, making the former process more probable. Therefore, this scheme is called (n+m) 

resonance-enhancedd multiphoton ionization (REMPI). 

Inn a typical REMPI experiment, excitation spectra are obtained by scanning the laser 

wavelength,, while either the mass-resolved total ion count or the total electron count is 

monitored.. Whenever the excitation wavelength corresponds to a transition to an intermediate 

excitedd state, a tremendous increase in the electron or ion yield is observed. The resulting 

wavelengthh spectrum can be used to characterize the excited states in great detail. 

Whenn REMPI is combined with photoelectron spectroscopy (REMPI-PES), additional 

informationn about the ionization step can be obtained. This is done by fixing the laser 

wavelengthh on one of the resonances observed in the wavelength spectrum, and by analyzing 

thee photoelectrons according to their kinetic energies. In contrast to conventional one-photon 

PESS which is only concerned with the molecular ground state, in a REMPI-PES experiment 

excitedd state photoelectron spectroscopy is performed, since the ionization process starts from 

ann excited state of the neutral molecule. REMPI-PES can therefore be used to study the 

spectroscopicc properties and ionization dynamics of a large variety of excited molecular 

states. . 
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Muchh research in the field of REMPI-PES has focused on excited states which can be 

classifiedd as Rydberg states. A Rydberg state can be viewed as an ionic core to which a 

Rydbergg electron is loosely bound. When such a state is photoionized, the Rydberg electron is 

ejectedd and the ionic core is expected to remain unchanged. Since the potential energy curves 

off  the Rydberg state and the ionic state which is formed on removal of the Rydberg electron 

aree very similar in shape and position, the photoionization process should be dominated by 

Franck-Condonn diagonal transitions (Av = v+-v'= 0), leading to a one-line photoelectron 

spectrum.. As a consequence, the determination of the vibrational level in which the ion is 

formed,, can be used for a reliable assignment of the initial vibrational level of the Rydberg 

state. . 

Ass will be demonstrated in this thesis, deviations from such simple one-line 

photoelectronn spectra usually arise when the Rydberg state of interest is perturbed by 

interactionss with other states. REMPI-PES is therefore an extremely suitable and unique 

methodd for the direct experimental observation of interactions between excited states. 

Thee ionic core of a Rydberg state can correspond to the electronic configuration of the 

groundd ionic state. Rydberg states with this ionic core form an infinite series which converges 

uponn the lowest ionic limit. Similarly, the ionic core of a Rydberg state can also correspond to 

ann electronically excited ionic state, so that Rydberg series converging upon higher-lying 

ionicc states exist. This leads to the occurrence of excited Rydberg states of the neutral 

moleculee located above the lowest ionic limit, which are often termed superexcited states [5]. 

Inn one-photon PES when a fixed excitation wavelength is used, usually He(I) radiation of 

21.222 eV, it is a mere coincidence when a superexcited state is accessed. Moreover, the 

densityy of superexcited states at the He(I) energy is usually low. Therefore, relatively littl e 

informationn about the properties of superexcited states has been obtained from conventional 

one-photonn PES studies. There are a few exceptions, especially when lower-energy Ne or Ar 

resonancee lines are used as excitation sources, since the density of superexcited states is larger 

att these energies. A notable case is the transition in O2 from the X Sg ground state of the 

neutrall  molecule to the X ng ionic ground state studied by excitation with Ne radiation of 

16.677 eV. Excitation of an auto ionizing level located above the lowest ionization limit results 

inn a much more extended vibrational progression than observed in the He(I) spectrum [6]. 

Withh REMPI-PES the energy region of typically a few eV above the lowest ionization limit is 
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reached.. Superexcited states are relatively abundant there, so that their influence in REMPI-

PESS is much more pronounced than in one-photon PES. 

Thee best resolution that can be obtained in dispersive photoelectron spectroscopy is about 

5-100 meV, limited by the electron spectrometer. With the development of the ZEKE-PFI 

(zero-kinetic-energyy pulsed-field ionization) technique, photoelectron spectroscopy can be 

performedd with practically laser-limited resolution, so that even polyatomic molecules can be 

studiedd with rotational resolution [7,8]. 

First,, high-n Rydberg states (n « 150-200) just below an ionization threshold are excited 

withh this technique. After the laser pulse, a waiting period typically in the order of 

microsecondss is employed. "Prompt" photoelectrons produced by direct ionization or 

autoionizationn will move out of the ionization region during this delay time. The ZEKE-PFI 

methodd is based upon the fact that the lifetimes of the high-n Rydberg states can be in the 

orderr of microseconds, so that they will remain in the ionization region during the waiting 

period.. After this period, an electric field is switched on, so that the ionization threshold is 

loweredd and the surviving high-n Rydberg states are ionized. The electrons that are released 

inn this ionization process have almost zero kinetic energy and are therefore called ZEKE 

electrons.. These electrons are accelerated by the electric field and arrive at the detector at a 

timee different from that of the "prompt" photoelectrons as a result of the employed time 

delay.. A ZEKE-PFI spectrum is recorded by scanning the excitation wavelength over the 

variouss rovibrational ionic thresholds, while monitoring the ZEKE electrons. 

1.22 Outlin e 

Thee subjects which are addressed in this thesis can be divided into two parts. In chapter 3 

too 5, the spectroscopic properties of excited states in NH3/ND3, N2O and Xe2 are described. 

Chapterss 6 to 8 deal with the influence of superexcited states on photoionization and 

photodissociationn processes in H2 and CH3I. The experimental techniques which are 

employedd for the various studies are REMPI-PES and ZEKE-PFI. Details of these techniques 

aree given in chapter 2. 

InIn chapter 3 selected results of REMPI and REMPI-PES experiments involving the 

moleculess NH3 and ND3 are presented. This chapter serves to show the unique merits of the 

combinationn of the REMPI and REMPI-PES techniques to obtain detailed spectroscopic 

informationn of excited electronic states, even in congested spectral regions. This study was 
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carriedd out in collaboration with the group of Prof. M.N.R. Ashfold (University of Bristol, 

U.K.)-- The Bristol group performed jet-cooled REMPI experiments using mass-resolved ion 

detectionn and made preliminary symmetry assignments for the observed excited states, based 

onn band contour simulations and/or quantum defect considerations. In Amsterdam, REMPI-

PESS experiments were carried out, which allowed for an unambiguous determination of the 

assignmentt and vibrational quantum numbering of the various resonances. 

AA (3+1) REMPI-PES study on the Rydberg states of the N2O molecule is presented in 

chapterr 4. Eighteen origins in the energy region from 80000 cm"1 up to the lowest ionization 

limi tt at 103963 cm" are reported, which have either not been assigned before or are 

reassignedd now. The observed excited states are characterized in terms of Hund's case a/b or c 

labeling.. Higher-lying resonances often show extensive vibronic coupling with near-resonant 

vibronicc manifolds built on lower-lying origins, resulting in the observation of several 

memberss of Rydberg series in a single photoelectron spectrum. 

Inn chapter 5, four gerade excited Rydberg states of the xenon dimer are studied with 

REMPI-PESS and where possible with ZEKE-PFI. These states are the lg state with a Xe !S0 + 

Xee 6s[3/2]i dissociation limit, the 0g state with a Xe 'So + Xe* 6s[3/2]i dissociation limit, 

thee state at -78000 cm"1 with a Xe % + Xe* 6p[5/2]2 dissociation limit, and the 0*  state with 

aa Xe So + Xe 5d[5/2]3 dissociation limit. The possible ionic cores of these states are 

discussedd and information on dissociation limits is given. The application of ZEKE-PFI on 

excitedd xenon atoms, formed by excitation of the 0*  state with a Xe 'S0 + Xe*  5d[5/2]3 

dissociationn limit, allows for an accurate determination of the dissociation energy of this state. 

Chapterss 6 and 7 address the ionization and dissociation processes in H2, occurring after 

one-photonn absorption from the B 1 ! ^ state. In chapter 6, a (3+1) REMPI-PES study for 

excitationn via various rovibrational levels of the B state is presented. This research results 

fromm a collaboration with Prof. W.J. van der Zande (FOM Institute, Amsterdam). For the 

ionizationn process, a strong dependence of the vibrational and rotational branching ratios on 

thee four-photon energy was observed. This result is explained in terms of the influence of 

boundd superexcited states on the final final state distributions. The dissociation processes observed 

afterr one-photon absorption from the B state, have been explained in the past by excitation 

andd dissociation of doubly excited repulsive states. However, the closing down of the H(n=l) 

++ H(n=2) dissociation channel above the H(n=3) threshold, in combination with calculations 
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off  transition probabilities to the various superexcited states, lead us to conclude that the 

predominantt dissociation pathways may well arise from excitation of the vibrational continua 

off  singly excited bound Rydberg states belonging to series converging upon the lowest ionic 

limit . . 

Furtherr evidence for the importance of these vibrational continua following excitation 

fromm the B state is given in chapter 7. This chapter reports on (1+1') REMPI experiments 

whichh were performed at the Free University of Amsterdam in collaboration with the group of 

dr.. W. Ubachs. By scanning continuously over the H(n=l) + H(n=3) dissociation threshold, it 

wass determined that H(n=3) fragments are formed as soon as this threshold is surpassed. This 

observationn is explained most probably by excitation of the vibrational continua of singly 

excitedd Rydberg states. However, excitation of the long-range part of a doubly excited state 

cannott be ruled out completely. 

Inn chapter 8, a (1+1) REMPI-PES study on CH3I for excitation via the dissociative A 

bandd with a two-photon energy between the 2E3/2 and the 2Ei/2 ionic limits is presented. This 

studyy is the result of a collaboration with Prof. W.A. Chupka (Yale University, New Haven, 

U.S.A.).. Photoelectron spectra taken at the observed autoionizing features and spectra taken 

inn energy regions which are relatively free of autoionization are presented. These spectra 

showw qualitative agreement with the (1+1) ZEKE-PFI spectrum. No experimental support is 

foundd for the recently calculated (1+1) ZEKE-PFI spectrum, which is in significant 

disagreementt with the experimental ZEKE spectrum. 
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