Multiphoton photoelectron spectroscopy: watching molecules
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Threshold photoionization spectroscopy [zero Kinetic energy
(ZEKE), pulsed field ionization (PFI), mass analysed threshold
ionisation (MATI)] usually takes advantage of multiphoton
excitation through bound intermediate states, but we show that
excellent quality, high-resolution spectra can also be obtained in
one-color experiments using two- and three-photon ionization.
An enhancement similar to resonance Raman yields changed
spectra if the excitation proceeds via continuous intermediate
states. A molecule which after absorbing a photon started to
dissociate is stabilized on the ionic surface by a delayed second
photon, with the observed spectra reflecting geometry changes
due to this arrested dissociation process. Using two colors, the
technique should be applicable to almost any molecule, and
yield a detailed insight into its dissociation dynamics.

The classical photoelectron spectroscopy originally devel-
oped in the 1960s by Turner et al.!*> was very useful in pro-
viding information about ionization potentials and the
electronic structure of atoms and molecules, but its low
resolution was a severe limitation. Unlike optical spectroscopy
where a resonant transition between two bound states occurs
at a specific frequency or energy, ionization is a threshold
process, it will take place not just when the energy needed to
accomplish the process is reached, but also for all higher ener-
gies. Whereas in optical spectroscopy one detects photons
whose frequency is not changed by lenses or mirrors, focus-
sing electrons produced in the ionization step onto a detector
changes their energy, the property one needs to measure in
order to interpret the spectra and derive the information of
interest, and this is the cause of the low resolution of the tech-
nique. This drawback of photoelectron spectroscopy was par-
tially eliminated by the development of various methods
detecting selectively electrons produced by ionization at or
near the threshold, and thus obviating the necessity of mea-
suring the electron energy: zero kinetic energy (ZEKE),>#
pulsed field ionization (PFI)® or mass analysed threshold ion-
isation (MATI).®

Since tunable far UV lasers, which would be needed for ion-
izing most stable molecules by a single photon, are still not
commonplace in laboratories, most of the high-resolution
photoelectron studies of this type are “two-color” experi-
ments. They use one laser to access resonantly an excited
bound electronic state of the neutral, and complete the ioniza-
tion process by a second, independently tunable laser.” Com-
pared with the simpler, direct single photon ionization, the
two-color experiment has an added advantage: in the first,
resonant state, one can select a specific state of the molecule
or atom under study.

Even though at the time some experts expressed doubt as to
whether the experiment can work, we have several years ago
been able to show that even without an intermediate state the
threshold ionization can be accomplished also by two photons
of the same color;® using a single tunable laser source we have
obtained excellent quality photoelectron spectra.®~1¢ In a one-
color experiment one loses the ability of state selection, but
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this drawback is usually not serious, since the experiments are
mostly done on molecules in cold supersonic beams, where
only very few quantum states are thermally populated.!” Fur-
thermore, the resolution of the experiment is sufficient to fully
resolve the rotational structure for very small molecules such
as NO,® so that no information is lost; for larger molecules
one is limited by the ~0.2-1 cm~! resolution of the photo-
electron spectroscopy anyway, so that there is little to be
gained by state selection.

Our studies have shown, however, that if the two-photon
ionization proceeds via an absorption continuum of an inter-
mediate state, it can yield additional useful information, which
would not be easily obtainable either by a single photon ion-
ization, or by the usual “two-color” threshold spectroscopy
through a bound electronic state.!>~'* More specifically, the
ionization mediated by a dissociative continuum allows popu-
lating ionic levels which would (due to poor Franck—Condon
factors) not be accessible in direct single photon ionization,
and perhaps even more importantly, provides useful insight
into the dissociation dynamics of the neutral precursor mol-
ecule, as exemplified by methyl iodide, whose potential
diagram is shown in Fig. 1.

The ionization of this molecule removes an electron from a
nonbonding orbital, and the potentials of the cation®!° are
therefore very similar to that of the neutral molecule. The
unchanged geometry is also reflected in the conventional
photoelectron spectrum,?® which contains, as shown in Fig. 2
(upper trace) only two very strong lines, origins of transitions
into the fine structure components of the doublet ionic ground
state, with very little indication of vibrational structure. CH,I
is known to exhibit a strong continuous absorption in the UV
range at about half the energy needed for its ionization,*
which is due to a pair of dissociative states usually denoted
3Q, and 'Q,,2? so that any attempt to ionize the molecule by
two photons of the same color will necessarily involve excita-
tion into one of these states.

In the experiments to be described below about 300 mbar of
methyl iodide vapor are mixed into a high-pressure (20 bar)
helium gas, and expanded at a stagnation pressure of 4 bar via
a pulsed piezo valve into ultra high vacuum. The cold molecu-
lar beam is crossed by a pulsed tunable dye laser (13 ns, 1.8
mJ, 900 mm focusing (two photons)/4.1 mJ, 150 mm focusing
(three photons)) pumped by a Lambda Physik xenon chloride
excimer laser. The CH;I molecules excited by the absorption
of two (or three) photons to very high Rydberg states within a
few cm ™! of the ionization limit are then, after about a 2 ps
delay field-ionized by an applied pulsed electric field (4 V
cm™1).16 By detecting the current due to electrons produced
by the ionization as a function of laser frequency, the thresh-
old photoionization spectra are obtained.

Ordinarily a molecule excited optically into a dissociative
continuum should dissociate in a single vibrational period on
a subpicosecond time scale.?®> Some fraction of the excited
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Fig. 1 Schematic potential energy diagram of methyl iodide (CH;I).
In the case of one-photon ionization (long solid arrow) the disso-
ciative continuum (represented by the repulsive states 'Q, and 3Q,) is
skipped. If the molecule is excited into the dissociative continuum
(medium solid arrow) then the dissociation process starts, but can be
stabilized by emitting a photon (swung downward arrow) leading to
the schematic resonance Raman (RR) spectrum of the I-C stretching
mode v, aside. In our experiments, where the molecule is still in the
intense laser field, it is stabilized by absorbing a second photon
anytime where the dissociation based, changed geometry Frank-
Condon factors become non-negligible (dot-dashed arrows). The
appropriate photoelectron spectrum (PES) now shows a maximum.
For complementary data by overjumping the dissociative continuum
we performed for the first time non-resonant, three-photon threshold
photoionization (first photon: short solid arrow, second and third
photons: dotted arrows).

molecules, however, may escape this fate: before the disso-
ciation can be completed, they are stabilized by emitting a
photon.?* Since, however, between the time of excitation and
the time of the photon emission the molecule has already
started on the path to dissociation, the H;C-I bond was
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Fig. 2 Comparison of the conventional, one-photon photoelectron
spectrum of Karlsson et al.?® (upper trace) with the two- (middle
trace) and three- (lower trace) photon threshold photoelectron spectra
of our group. The two-photon spectrum clearly shows the influence of
the dissociative continuum. The peaks labeled with asterisks mark the
I*(*P,) « I*(*P, ;) resonance of atomic iodine and the peak labeled
with an x denotes a resonance due to CH,1.

lengthened, the geometry and the Franck—Condon factors
have changed. As is well-known to spectroscopists, methyl
iodide is one of the classical molecules for observing so-called
resonance Raman spectra, exhibiting a long progression in the
C-I stretching frequency.?*

In our ionization experiment, where the molecule excited by
a photon is still in the radiation field of the intense, 13 ns laser
pulse, it has an alternative means of avoiding dissociation.
Instead of emitting a photon it can, in a process similar to the
resonance Raman, adsorb a second photon, and be stabilized
by being promoted onto the bound ionic surface.!?>~!* Again,
however, the incipient dissociation process between absorp-
tion of the first and second photon has changed the geometry
and the Franck—Condon factors, and the photoionization
spectrum!?!3 shown in Fig. 2 (middle trace) is observed,
which can be contrasted with a conventional (one photon)
photoelectron spectrum?® in Fig. 2 (upper trace). Besides the
much sharper lines and higher resolution characteristic of the
ZEKE-PFI technique, unlike the one-photon spectrum, it
exhibits an intense, extensive vibrational structure, where
similar to the Raman spectrum a long progression in the C-I
stretching frequency v is clearly observed.

The dissociative processes of this kind can in principle be
nicely simulated by semiclassical wave-packet propagation
methods. Abrashkevich and Shapiro?> have recently obtained
in this way a good agreement with the observed Raman spec-
trum,2* but express surprise that the intensity distribution for
the ionization process is somewhat different, and does not
quite agree with our experiment. Actually, in spite of simi-
larities, there is a considerable difference between the reso-
nance Raman, and the one-color two-photon ionization
experiments, and one would not necessarily expect identical
intensity distributions. In the former experiment the laser
wavelength is constant, and the molecule once excited by a
photon starts to dissociate. While it can in principle emit a
photon at any time during the dissociative process, classically
the probability is maximum at the early stages of dissociation,
when the fragments being accelerated by the steeply descend-
ing repulsive potential, start only slowly to move apart. In the
ionization experiment the situation is considerably more
complex, while the laser is continuously being tuned, as one
records the spectrum. Unlike the Raman process, the second
photon absorption, and observation of a threshold ionization
event cannot occur at any time, but only when the two-
photon energy is in resonance with one of the vibrational
levels of the ion, and at specific delays when in the course of
the dissociation process the appropriate Franck—Condon
factors become non-negligible. The delayed absorption of the
ionizing photons then provides a “snapshot” of the disso-
ciating molecule. The complex geometry changes, which take
place in the dissociation, are evidenced by the observation of
all six vibrational modes of the ion in the experimental spec-
trum.2'13 Besides stretching the C-I bond, also the I-C-H
angles must change as the roughly tetrahedral methyl iodide
dissociates to yield a planar methyl radical, CH;, and it is
thus not surprising that a model treating CH;I as a linear
triatomic molecule did not reproduce quantitatively the
experimental spectrum.

In order to be able to model the dissociation and the effect
of the intermediate state more satisfactorily, it would be quite
desirable to also obtain “threshold” one-photon ionization
data for CH,I. Unfortunately, we have a single tunable source
available, which cannot even approach the 75000 cm ™! range
which would be needed, but it occurred to us that one might
also move away from the intermediate resonance in a similar,
three-photon one-color experiment, since our laser operates
satisfactorily in the needed 25000-28000 cm ™! range. The
breakup of methyl iodide requires some 18 800 cm ™1, so the
laser wavelength in the three-photon experiment still lies
above the dissociation limit of the ground state but very far
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from resonance and from the strong 260 nm (=~ 39000 cm™1!)
absorption. In spite of initial doubts that the three-photon
cross-section might be too small, and that complete fragmen-
tation rather than ionization will take place, the idea indeed
functioned well, as can be seen in Fig. 2 (lower trace) showing
the first non-resonant, three-photon threshold photoioniza-
tion spectrum of methyl iodide.

Similar to the conventional photoelectron spectrum?’ in
Fig. 2 (upper trace), and in contrast with the resonant contin-
uum mediated two-photon threshold spectrum!?'® in Fig. 2
(middle trace), the two 0—0 electronic origin bands are domi-
nant and the vibrational structure is relatively weak. The
strongest bands are no longer due to the C-I stretching fre-
quency, but rather to v,, the symmetric CH; bending, and
even though the v; progression is still observable, it is short
and much weaker than in the two-photon spectrum. In the
two-photon spectrum (middle trace of Fig. 2) weak bands due
to v, the CH stretch, as well as the overtone of v, the asym-
metric CH; bending mode, and more surprisingly also v, , the
asymmetric rock, suggest that also a distortion of the three-
fold C;, symmetry takes place during the dissociation. This
asymmetry is also evidenced by the observation that photo-
dissociation of CH,I yields rotationally highly excited methyl
radicals.2673°¢

As noted above, the single photon frequency in the three-
photon experiment lies far below the onset of CH;I absorp-
tion, and the two-photon energies (51200-54400 cm™!) lie
well above its maximum. They are in a wavelength range
where discrete spectra of the so called X-C and X-D tran-
sitions are known to occur, and interaction with states in this
region may have some influence upon the observed spectrum.
Clearly further more detailed theoretical modelling of the
multiphoton processes, and additional experimental studies of
methyl iodide dissociation would be extremely interesting. In
particular, two-color experiments would permit more flex-
ibility in the choice of photon energies, and a complete separa-
tion of the initial excitation from the ionization step. With the
first photon one could thus select any desired energy excess
above the dissociation threshold, and by tuning the second
laser source ionize the molecule and obtain a picture of the
dissociation process.>! Such a two-dimensional study would
greatly facilitate the theoretical analysis of the results, and
provide an insight into the geometry changes occurring during
the dissociation in unprecedented detail. As already men-
tioned, this ionization mediated by a dissociative state also
allows excitation of numerous vibrational levels of the ion,
which would be completely inaccessible otherwise. Thanks to
this process, CH,I*!%? (as well as the corresponding
deuteride!?) is perhaps the only larger ion, for which all six of
its vibrational frequencies are known.

In summary, we have demonstrated that obtaining excellent
quality, high resolution threshold ionization spectra in a one-
color experiment is entirely feasible not only by two, but also
three and possibly more photons. A study of methyl iodide
has permitted us for the first time to compare spectra
obtained by one-, two-, and three-photon ionization, and
demonstrated clearly the drastic changes in the spectrum due
to the resonant mediation of an intermediate state. The
experiments confirm that the two- or multiphoton ionization
technique via dissociative continua, in particular if two differ-
ent colors could be used, has the potential for providing
detailed insight into the dynamics of molecular dissociation.
While it has in the recent years become possible to study the
dynamics of fast processes in real time using femtosecond laser
pulses, such experiments always involve a tradeoff between
time- and energy-resolution. The two-photon ionization pro-
vides complementary information without having to make
this tradeoff. Obviously, the technique is not applicable only
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to methyl iodide, but since every molecule has dissociative
continua, the use of two independently tunable sources could
be extended to essentially any system.
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