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4. Statement of the problem studied
The research program has two foci. First, we explore the limits to the observability of
quantum mechanical wave functions using diffraction methodology. This work has both a
theoretical and an experimental component. Secondly, we investigate the reaction pathways of
highly energetic and short-lived transient species. This part of the work focuses pathways of
photoionization, and in particular the recently discovered role of Rydberg states in the ionization
process.
5. Summary of the most important results
The project was blessed with several very nice scientific discoveries. Of particular
importance was the development of a resonant, or partially resonant, multiphoton ionization
scheme via superexcited states and Rydberg
states, which we discovered in the previous
funding period, into a tool to fingerprint
molecular structures. This discovery might be of
interest to the Army as a technique to detect trace
gases of toxic compounds in the presence of
decoy substances. The work forms the basis of a
patent application, as it may have significant
commercial value. We describe this discovery in
the next section, followed by a description of our
advances in the measurement of quantum
mechanical wave functions.
Photoelectron Spectroscopy
In previous years, we have developed a

Energy/eV
technique to photoionize molecules via highly Figure 1: Rydberg fingerprint spectra of 1,3cyclohexadiene (top), 1,4-cyclohexadiene
excited and superexcited valence states, and a set (center), and 1,3,5-hexatriene. Wavelength
of molecular Rydberg states. While initial used in all spectra: 400 nm.

experiments focused on phenol, subsequent work showed the scheme to work as well in toluene,
cyclohexadiene, as well as other molecules. In 2002 we demonstrated that the ionization scheme
can be utilized to obtain a structure fingerprint spectrum of the molecule. The structure
specificity arises because the Rydberg spectra are sensitively dependent on the molecular
structure.
As an example, figure 1 shows the Rydberg fingerprint spectra of 3 molecules, 1,3cyclohexadiene, 1,4-cyclohexadiene, and 1,3,5-hexatriene. Those molecules are structural
isomers of each other, and have almost identical mass spectra. As can be seen, the Rydberg
spectra are dramatically different.
We have obtained Rydberg fingerprint spectra of other isomers as well. Specific isomeric
systems that we have investigated are:
Napthalene - azulene: both CioHg
0-, m-, and p- fluorophenol, CeHsFO
The Rydberg fingerprint spectra have a number of attributes that make them very favorable
for analytical applications. Specific points of interest are:
•

The scheme appears to be appHcable to all molecules. Any molecule that we have tried to
date worked. This includes, in addition to the ones mentioned above, the molecules toluene,
andindole.

•

The wave function of the Rydberg state is quite large. As a result, Rydberg fingerprints are
sensitive to the global molecular structure, rather than the local structures that is observed
with other techniques (such as IR, NMR).

• Because of the large size of the Rydberg orbital, the technique is sensitive to structures even
in large molecules. It may be possible to extend the method to nano-size clusters such as
those used in catalysis, and to biological molecules (proteins).
In a potential practical implementation, the Rydberg fingerprint technology would be
combined with a mass spectrometer. Such a combined instrument would output the mass of the
substance on the one hand, and the Rydberg fingerprint on the other hand. This would give a
multi-dimensional output in orthogonal coordinates, which would be far more specific than a
simple mass spectrum. It may be possible to combine the Rydberg fingerprint technique witii a
mass spectrometer of small size. An implementation in a field instrument could therefore be
envisioned.

Electron diffraction
The objective of this project was to determine the limits of observability of vibrational
probability density distributions, the square of the wave functions, using electron diffraction. The
project has a theoretical and an experimental component. From the experimental work we
concluded that difference diffraction signals as small as 0.1% of the total signal are observable
with pump-probe diffraction techniques. The theory shows that the signature of vibrational
motions in the diffraction patterns are on the order of 1%, even if the vibrations in question are at
the same energy. The conclusion is therefore that it is possible to observe vibrational probability
density distributions using present-day diffraction methodology. Some of the results of this work
are presented in more detail below.
Electron Diffraction - Experiments
In 2001 we published our ground-braking
results on the ultrafast time-resolved electron
diffraction measurements of the electrocyclic ring
opening reaction of 1,3-cyclohexadiene. In these
experiments we used a 275 nm pump beam to
excite the Bi state, which subsequently decays to
the ground electronic surface.

The molecule

breaks the ring on the ground electronic state
surface. Diffraction patterns were obtained with
an ultrashort electron pulse, both with the pump
laser on and the pump laser off. The difference
between the two patterns reflects interatomic
distances that change upon laser exposure.
Difference patterns were observed at various delay
times in the picosecond range. The difference
signals shown in figure 1 are less than 1% of the
total signal. Presently, the noise floor of the
experiment is at 0.1% of the total signal.

Figure 1: Our pump-probe diffraction
patterns on the cover of the Journal of
Physical Chemistry.

Electron Diffraction - Theory
The theoretical work focused on the s-tetrazine (C2H2N4) molecule as a model system. With 8
atoms, this molecule can serve as a model for an honest polyatomic molecule on the one hand,
but is theoretically treatable in considerable detail on the other hand. Our work included the
following:
• A full ab initio calculation of the structure and normal mode displacement vectors.
• A quantum mechanical and a classical calculation of the alignment distributions that can be
achieved by alignment with high intensity lasers.
• A calculation of the diffraction patterns that can be observed, as a function of alignment
intensity, for ground state molecules, electronically excited molecules, and for electronically
plus vibrationally excited molecules.
Figiu-e 2 illustrates the type of results we
have obtained. The figure shows the diffraction
patterns of perpendicularly laser-aligned stetrazine, in comparison to the limiting case of
partially clamped molecules.

Top panel,

clamped at (6 = 90°, 0 = 0°), with x isotropic:
this implies that the plane of the molecule is
fixed, but that the molecule is free to rotate
within the plane. Bottom panel, aligned in the
^'.z-plane by a circularly polarized laser pulse
with 9.56 X10'^ W/cm^. From the calculation
we learn that at a detector direction of 90°, the
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Figure 2: Diffraction from partially
clamped and perpendicularly laser-aligned stetrazine molecules. Top panel, clamped at
{d = 90°, (p = 0°), with X isotropic; Bottom
panel, aligned in the >',z-plane by a circularly
polarized laser pulse with 9.56 x 10'^ W/cm^.

pattern from aligned molecules faithfully
represents that of a clamped molecule, while in
perpendicular direction there is a significant
deviation.

40
60
Scattering direction, a

This kind of information will

greatly aid experimental work on aligned
molecules.
The effect of the vibrational excitation is illustrated in figure 3. The diffraction patterns are
for excitation to the vibrationless level, top left, and the vibrational states 16a^ (top right), 1^
5

(bottom left), and 6a^ (bottom right), respectively. The color encodes the intensity of the ratio of
the difference signal, divided by the signal from the un-excited molecules. It is clear that the
vibrational excitation has a significant effect on the diffraction signatures of the molecules. Even
a cursory inspection, looking at the regions of sfrong signal in the patterns, can reveal the identity
of the vibrational mode.
The theoretical diffraction work forms the basis for two papers; one is submitted and received
sfrong reviews, with only minor revisions suggested. The other is almost ready for submission.
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Figure 3: Effect of vibrational excitation on the diffraction patterns of tettazine.
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Conclusions
The research performed during this funding period was very successful. We have met the
stated objectives, and have discovered new frontiers. The Rydberg fingerprint spectroscopy may
develop into a commercially viable and useful technique. The diffraction leads to the new
science of tomography of vibrational motions in molecules. Both frontiers will be exciting to
pursue in flirther explorations.
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8. Report of Inventions, and technology transfer:
"Methods and apparatus for the characterization and analysis of the shape of molecules and
molecular clusters, and for the separation of desired isomers, based on Rydberg states." Patent
application is pending.

Technology transfer to national laboratories
Over the last decade, we have pioneered the technology and theory of pump-probe structure
determination using electron diffraction. As part of this work we have explored the generation of
ultrashort electron pulses, applied them to model systems of chemical dynamics, and developed
the theoretical framework of diffraction from excited states. Given this pioneering work, it is
particularly rewarding to see that large national laboratories are starting to take note, and to
design ultrafast electron diffraction facilities that are partially based on our work. Two national
facilities, Brookhaven National Laboratory and the Stanford Linear Accelerator, have expressed
interest in collaborating with us in the development of national user facilities to do time-resolved
electron diffraction. Applications in a wide variety of fields, such as material science and
biophysics, are foreseen, in addition to the continuation of the time-resolved dynamic studies.
While both those facilities still await the requisite large scale funding, it is encouraging to note
the level of activity that our work has stimulated.

