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Chapterr  8 

Two-photonn ionization photoelectron spectroscopy via the 

dissociativee A band of CH3I 

Abstract t 

AA two-photon ionization study on methyl iodide is performed, in which the first photon is 

resonantt with the dissociative A band. Photoelectron spectra are presented, which are taken at 

thee observed autoionizing features and in energy regions which are relatively free of 

autoionization,, all located between the 2E3/2 and 2Em ionic limits. In this way, it is determined 

thatt these autoionizing resonances have a large influence on the ion state distribution. The 

photoelectronn spectra are in qualitative agreement with the (1+1) ZEKE spectrum taken in the 

samee energy region. No support is found for the calculated ZEKE spectrum, which is in 

significantt disagreement with the experimental ZEKE spectrum. 
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8.11 Introductio n 

Photodissociationn plays an important role in atmospheric chain reactions [1] and is a 

commonn process in interstellar clouds [2]. It is also the starting reaction in many laser sources 

[1].. Research on the photodissociation of small polyatomic molecules can give detailed 

informationn on the dynamics of this process. Studies on the photodissociation of methyl 

iodidee have served as a benchmark in this respect. 

Methyll  iodide is a molecule of C3V symmetry, with a ...{a\f{ef 'AJ ground state 

electronicc configuration. The vibrational modes of CH3I can be divided into three totally 

symmetricc ones [the C-H stretch (vi), the umbrella mode (v2), and the C-I stretch (v3)] and 

threee vibrational modes of e symmetry [the antisymmetric C-H stretch (V4), the CH3 

deformationn mode (v5), and the H3C-I bending mode (\(,)] [3]. 

Thee first excited states of methyl iodide arise from the excitation of a nonbonding 5p7t 

iodinee electron to a C-I antibonding orbital (5p7i -> a*). The five states resulting from this 

excitationn are of A, If, E+, £" and n symmetry, if the molecule is considered as having Ccov 

symmetryy for the moment. These states form a broad, featureless absorption band beginning 

att approximately 32000 cm"1 with its maximum at about 38000 cm"1 [4] and are designated as 

thee A band. One-photon excitation to this band results in direct dissociation of the molecule, 

yieldingg methyl radicals (X Aj) and iodine atoms in the P3/2 electronic ground state as well 

ass in the 2P\a spin-orbit excited state. 

Thee A band photodissociation can be studied by means of photoelectron spectroscopy. 

Withh this method, the A band is excited after which the molecule is ionized by subsequent 

absorptionn of another photon. In this way, the wave function of the dissociative intermediate 

statee is mapped onto the ionic ground state. By analysis of the kinetic energies of the 

photoelectrons,, the vibrational states in which the ions are formed can be determined, which 

givess some insight into the A band dissociation dynamics. 

Apartt from conventional photoelectron spectroscopy, the ZEKE-PFI (zero-kinetic-energy 

pulsed-fieldd ionization) technique [5] can similarly be applied to study the photodissociation 

dynamicss of the A band of methyl iodide. In these experiments [6-8], a narrow "slice" of very 

high-nn (typically about n=180 to 200) Rydberg states converging upon the vibrational states 

off  the ion is excited by absorption of one photon from the A band. After a delay time in the 

orderr of a microsecond, these states are field ionized by a pulsed electric field. One-colour 

ZEKEE spectra have been obtained by scanning the laser wavelength while monitoring the 
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ZEKEE electrons. These spectra show an intense vibrational progression in the v3 mode and 

weakerr 3n2' and 3n6l combination bands, which are not observed in one-photon ZEKE- [8] 

andd photoelectron [9] spectra. These progressions reflect the vibrational modes that are 

involvedd in the dissociation of the molecule. 

Thee (1+1) ZEKE spectra have been calculated by Abrashkevich and Shapiro, who 

appliedd a theory of continuum mediated two-photon ionization to the case of CH3I for which 

thee first photon excites a purely repulsive electronic state [10]. In contrast to what is observed 

inn the experimental ZEKE results, the 2n3m combination bands are prominent in their 

calculations,, while the intensity of the high 3n peaks is very low. Abrashkevich and Shapiro 

foundd disagreements by factors as large as 200 when their calculated continuous-wave (CW) 

relativee intensities (see their Figures 2 and 7) were normalized to the most intense ZEKE peak 

inn the spectra of Strobel et al. [7]. They also calculated spectra for pump-probe delay times 

varyingg from 0.01 to 0.7 psec. For these cases, disagreement with the experimental ZEKE 

spectraa was even greater. 

Thee experimental results can only give insight into the dissociation process if the line 

intensitiess in the spectra are reliable, i.e. reflect the dissociation dynamics. The signal 

intensityy corresponding to a specific state of the resulting ion is proportional to the product of 

thee probability of excitation of the ZEKE "slice" of Rydberg states with ion cores in that 

specificc state and the probability of survival of the excited states in a state which can be field-

ionizedd by the electric field pulse with essentially unit efficiency. It is useful to consider 

possiblee anomalous intensities due to these two factors separately. 

Thee first factor, the probability of excitation of ZEKE states, can be greatly affected by 

thee interaction of the ZEKE states with so-called interloper or superexcited states [11], usually 

memberss of Rydberg series converging to higher energy limits, which can influence the 

oscillatorr strength as well as the lifetimes of the ZEKE states. Such perturbations are so 

pervasivee that relative intensities in ZEKE spectra should always be suspect in the absence of 

otherr information. 

Thee second factor affecting ZEKE intensity, namely the survival probability of ZEKE 

states,, has been invoked to explain the large discrepancies between the theoretical and 

experimentall  ZEKE spectra. Abrashkevich and Shapiro suggested that the differences 

betweenn the calculated and measured ZEKE spectra arise from effects of external ions on the 
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lifetimess of the ZEKE states [10]. They concluded that the ZEKE line intensities are not 

simplyy proportional to the population of ionic core states. 

Schultzz and Fischer have recently tested the validity of the measured ZEKE spectra by 

takingg two photoelectron spectra in the relevant energy region [12]. The relevance of the 

photoelectronn spectra lies in the fact that they do not depend on lifetimes of ZEKE states 

whichh can be affected by ion density under certain conditions. Schultz and Fischer interpreted 

theirr spectra as supporting the experimental ZEKE spectra. However, they ignored the 

presencee and possible influence of superexcited states at the two chosen wavelengths. 

Inn the present much more extensive study, the total ionization signal is measured as a 

functionn of wavelength in order to display the structured continua in which the ZEKE states 

aree embedded. Photoelectron spectra are taken at both the observed autoionizing features and 

inn energy regions which are relatively free of autoionization. In this way, the influence of 

autoionizingg resonances on the ionic state distribution is studied. 

8.22 Experimental 

Thee experimental setup has been described in detail previously [13,14]. Briefly, the 

experimentss were performed using a Lumonics HyperDye 500 dye laser (bandwidth -0.08 

cm'1)) operating on Coumarin 500, which is pumped by a XeCl excimer laser (Lumonics 

HyperExx 460), with a pulse width of-10 ns. The dye laser output was frequency-doubled in a 

Lumonicss HyperTrak 1000 unit using an angle-tuned BBO crystal. The output radiation was 

focusedd (f.l.=25 mm) into a "magnetic bottle" photoelectron spectrometer. This spectrometer 

allowss for a collection efficiency of 50 % for the detection of the photoelectrons. The energy 

scalee of the photoelectrons was calibrated using (2+1) resonance enhanced multiphoton 

ionizationn of xenon via a known excited state [15]. 

InIn the ionization region of this spectrometer, two grids are mounted on the magnetic pole 

facess which are employed for the application of static or pulsed electric fields. Since in the 

presentt experiments photoelectrons are formed with very low kinetic energies, a negative 

staticc field (-14.5 V/cm) was used in order to accelerate these electrons. The employed 

electricc field hampered the resolution in the photoelectron spectra: without electric field a 

resolutionn of 16 meV (FWHM) was achieved for xenon, whereas with an electric field a 

resolutionn of 25 meV was obtained. 

CH3II  (99 %) was introduced into the ionization chamber via an effusive inlet. During the 

experimentss the sample was cooled down to 0 °C. 
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 Figure 1 

Two-photonTwo-photon ionization spectrum in the energy range 39200-40400 cm'1, obtained by 

monitoringmonitoring the total electron current in a (1 + 1) REMPI process via the A band of methyl 

iodide.iodide. The arrows indicate the positions at which photoelectron spectra were taken. The 

photoelectronphotoelectron spectra taken at positions which are marked with an asterisk are presented in 

FiguresFigures 2 to 6. 

8.33 Results and discussion 

Thee two-photon total ionization spectrum, measured by monitoring the total electron 

current,, is shown in Figure 1. Two-photon photoelectron spectra were taken at thirteen 

wavelengthss above the lowest combination band 2*3', as well as one below, so that 

comparisonss could be made between such combination bands and the 3" bands which 

dominatee the ZEKE spectra. The wavelengths were chosen in some cases to coincide with 

autoionizingg structure in the total ionization spectrum. Photoelectron spectra were also taken 

att wavelengths which are as free as possible of autoionization, although spectral congestion, 

especiallyy at higher energies, made it impossible to avoid completely such effects. 
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Photoelectronn spectra are not directly comparable with ZEKE spectra. A photoelectron 

spectrumm is obtained by analyzing the final ionic states that are formed at a fixed excitation 

energy.. A ZEKE spectrum, on the contrary, is recorded by scanning over the ionic states. In 

thee case of one-colour ZEKE experiments, the pump and probe energies are scanned 

simultaneously,, so that an energy range of the A band is excited. This also means that the 

photoelectronn spectra give information that cannot be obtained from the ZEKE spectra, and 

vicee versa. 

Figuree 2 shows a photoelectron spectrum taken at an energy corresponding to the 

ionizationn minimum between two autoionizing features. The most intense PES features, aside 

fromm the 3° origin band, correspond to a progression in 3n with perhaps a barely detectable 

213'' band. The spectrum resembles the ZEKE spectrum semi-quantitatively. Figure 3 is again 

takenn at an ionization minimum immediately next to a prominent autoionizing feature 

identifiedd as a 31 core (with 3° origin at 78740 cm"1). Again the most intense excited features 

aree members of the 3" progression. Figure 4 is taken only 12 cm"1 (at the two-photon level) 

fromm the previous figure, but on the autoionizing feature. In order to understand the effects of 

Rydbergg states converging upon the first excited 2Ei/2 ionic state on the photoionization 

process,, it is necessary to consider the mechanism of their autoionization. This autoionization 

iss due to spin-orbit interaction, a special case of electronic autoionization, which is governed 

byy the Franck-Condon principle. In the case of Rydberg states of CH3I, the Franck-Condon 

factorss are expected to be very nearly diagonal, since the initial E1/2 Rydberg state and final 
2E3/22 ion state have essentially identical geometries and vibrational force constants. Therefore, 

thiss resonance can be identified as having a 31 excited core on the basis of the intensity of the 

3ll peak in the photoelectron spectrum. Again, the other prominent peaks correspond to 

memberss of the 3n progression, the most intense being 34, which is also the most intense 

featuree of the ZEKE spectrum. The 2*3' and 2l32 bands are barely, if at all, detectable. Figure 

55 presents the photoelectron spectrum on the 3 member of this progression. Again the 3 is 

veryy prominent as are other members. Figure 6 shows the photoelectron spectrum taken at 

anotherr minimum in the total ionization spectrum. The photoelectron peaks corresponding to 

vibrationall  excitation are nearly all members of the 3n progression, with 35 being especially 

intense,, while 2'3' and 2]32 are nearly undetectable. None of the photoelectron spectra show 

anyy evidence for intense 2m3n bands. In contrast, aside from the intense origin peak, members 

off  the 3" progression dominate all spectra. 
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PhotoelectronPhotoelectron spectrum of methyl iodide between the 2E3/2 and 2EI/2 ionic limits, obtained in a 

(1(1 +1) process via the A band, at a one-photon energy of 39403.8 cm'1. 
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 Figure 3 

PhotoelectronPhotoelectron spectrum of methyl iodide between the 2E3/2 and 2Em ionic limits, obtained in a 

(1+1)(1+1) process via the A band, at a one-photon energy of 39575.8 cm'. 
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 Figure 4 

PhotoeleclronPhotoeleclron spectrum of methyl iodide between the 2E3/2 and El/2 ionic limits, obtained in a 

(1(1 +1) process via the A band, at a one-photon energy of 39604.0 cm' . 
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 Figure 5 

PhotoelectronPhotoelectron spectrum of methyl iodide between the 2E3/2 and Em ionic limits, obtained in a 

(1+1)(1+1) process via the A band, at a one-photon energy of 39840.6 cm' . 
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PhotoelectronPhotoelectron spectrum of methyl iodide between the 2E3/2 and 2El/2 ionic limits, obtained in a 

(1+1)(1+1) process via the A band, at a one-photon energy of 39741.0 cm'1. 

Inn the ZEKE spectrum of the 2E,/2 state, Strobel et al. find that the prominent peaks are 

memberss of the 3n progression and the 21 peak, while the 2m3n combination peaks are much 

weaker,, as in the E3/2 ZEKE spectrum. While we have not made an extensive effort to 

identifyy all the vibrationally excited states corresponding to the peaks of the total ionization 

spectrum,, the few identifications we have made on the bases of the photoelectron spectra, 

especiallyy that of 31, support the ZEKE spectrum of Strobel el al. which has 31 as the most 

intensee vibrationally excited state. 

8.44 Conclusion 

Inn summary, the relative intensities of the photoelectron spectra are so affected by 

interactionn with the congested features seen in the total ionization spectrum that precise 

quantitativee comparison with ZEKE spectra cannot be made easily. There are also some 

differencess between a photoelectron spectrum taken at one energy and a ZEKE spectrum 

whichh is taken over a range of energies thus probing an energy range of the A band. 

Nevertheless,, the many photoelectron spectra taken over the entire energy range of the ZEKE 

spectraa provide overwhelming qualitative and even semi-quantitative support for the validity 
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off  the ZEKE spectra and provide no support for the calculations of Abrashkevich and 

Shapiro. . 
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