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ABSTRACT

Free-Electron Lasers (FELs) collectively operate from the
terahertz through the ultraviolet range and via intracavity
Compton backscattering into the X-ray and gamma-ray
regimes. FELs are continuously tunable and can provide
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optical powers, pulse structures and polarizations that are not
matched by conventional lasers. Representative research in
the biological and biomedical sciences and condensed matter
and material research are described to illustrate the breadth
and impact of FEL applications. These include terahertz
dynamics in materials far from equilibrium, infrared non-
linear vibrational spectroscopy to investigate dynamical pro-
cesses in condensed-phase systems, infrared resonant-
enhanced multiphoton ionization for gas-phase spectroscopy
and spectrometry, infrared matrix-assisted laser-desorption—
ionization and infrared matrix-assisted pulsed laser evapora-
tion for analysis and processing of organic materials, human
neurosurgery and ophthalmic surgery using a medical in-
frared FEL and ultraviolet photoemission electron microscopy
for nanoscale characterization of materials and nanoscale
phenomena. The ongoing development of ultraviolet and X-
ray FELs are discussed in terms of future opportunities for
applications research.

INTRODUCTION

Free-electron lasers (FELs) convert the kinetic energy of electrons
into light (1,2). A schematic diagram is shown in Fig. 1. An
accelerator produces ‘‘free’” electrons at relativistic speeds in
a vacuum. These electrons pass through a ‘“‘wiggler” field,
a periodic magnetostatic field, in an optical cavity. The essential
feature of FELs is that the light propagating along the axis is
amplified and the kinetic energy of the electrons is decremented
when the wiggler deflects the electrons into a serpentine path.
Experimental realizations of FELs are based on a series of
accelerator technologies, operating with electron energies from as
low as keV and up to GeV. Collectively FELs operate from the
microwave through the X-ray wavelengths; however, each
accelerator technology corresponds to a restricted wavelength
range of operation. Shorter wavelengths are achievable by
harmonic generation and X-rays and gamma rays have been
produced by intracavity Compton backscattering. Numerous
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Figure 1. The basic scheme for an FEL. An accelerator produces an
electron beam that is steered through a wiggler under vacuum. Two
reflectors, external to the wiggler, define an optical cavity. In this example,
there is one total reflector and one partial reflector.

reviews of FEL physics are available (3-8). FELs have been
commissioned in many countries at universities, national labora-
tories and in the private sector. FEL technology continues to be
developed at both ends of the spectrum, toward shorter
femtosecond pulse durations and with selectively variable
polarization. Many FELs have become quite reliable during the
past 2 decades, typically producing several thousands of hours per
year of user time.

FELs are versatile and in some cases unique light sources that
support applications research by a broad user community. Because
the wavelength of the emitted light depends on the energy of the
electrons and the properties of the magnetic field, an FEL can be
tuned within its wavelength range of operation with relative ease.
Whereas the lasing medium for FELs is the free beam of electrons,
the lasing medium for conventional lasers is bound electrons and
the accompanying atomic nuclei, which restricts laser performance.
For FELs, waste heat is carried away as the electrons pass out of
the wiggler. Consequently, FELs can operate in wavelength ranges
in which conventional lasers cannot operate and can have optical
power, pulse and polarization characteristics that conventional
lasers have not achieved. The FEL optical pulse structure correlates
with the bunching of the electron beam whereas the polarization is
determined by the magnetic field. Some FELs continuously
produce optical pulses at a set repetition rate. Other FELs have
a complex optical pulse structure with a burst (macropulse) of
micropulses. The micropulse lifetime can be picoseconds or shorter
and the micropulse repetition rate within a macropulse can be as
high as gigahertz. The repetition rate of the macropulse can be as
high as many tens of Hertz.

We review FEL applications research in the biological and
material sciences. We emphasize applications that uniquely take
advantage of FELs and also have had a scientific or technological
impact independent of FEL physics. This user community cur-
rently includes physical scientists working on physical research
problems as well as multidisciplinary teams investigating in-
terdisciplinary research. Additional areas of FEL applications
research have been reviewed elsewhere (9—14); taken together one
gets a better appreciation of the overall FEL research enterprise and
its potential.

The following sections present representative examples that
illustrate the breadth of FEL applications research in the biological
and material sciences. The presentation is organized according to
wavelength of operation, including the terahertz FELs at the
University of California, Santa Barbara (UCSB); the infrared FELs
in The Netherlands and at Duke, Stanford and Vanderbilt

Universities; and the ultraviolet FEL at Duke University. We
conclude with a consideration of emerging applications based on
FEL light source development. We will not delve into FEL
technology, instead emphasizing applications research and those
operating characteristics of various FELs that have enabled
scientific advancements in material and condensed matter research
and the biological and biomedical sciences.

An aim of this review is to introduce photochemists and
photobiologists to the research opportunities of current and future
FELs. Typically past FEL applications research has been initiated
with a narrowly defined project; however, once successfully
pioneered, the technique and supportive infrastructure have
become tools for a broader range of interdisciplinary research.
FEL research tends to be multidisciplinary, including accelerator
physicists developing the light source collaborating with physical,
biological and biomedical scientists pursuing applications research.
Hopefully this review will encourage additional photochemists and
photobiologists to consider and pursue FEL applications research.
With this in mind, in the following we review FEL applications
research in the biological and material sciences. Several themes
will be apparent: the competition between dynamical processes and
the influence FELs can have on the outcome, the light source
frontiers accessed by FELs and how they enable novel spectro-
scopic and imaging techniques as well as processing of
(bio)materials and spin-off technology due to FEL-based research.

MATERIAL SCIENCE WITH TERAHERTZ FELS

The terahertz region of the electromagnetic spectrum is a rich arena
for research in physics, chemistry, biology, material science and
medicine. Historically, exploring science in the terahertz region of
the spectrum has proved challenging because of the lack of
commercial light source technology. Commercial electronic
sources have only advanced to hundreds of gigahertz whereas
commercial solid-state photonic sources have only extended
wavelengths to ~30 pm (10 THz). The challenge has been met
with a variety of laboratory sources ranging from short-pulse
terahertz beams to molecular gas lasers to backward wave
oscillators to Fourier-transform infrared spectroscopy (FTIR) to
FELs. Each brings characteristic strengths and limitations. The
“unfair advantage” of terahertz FELs lies in their high power and
tunability. The FELs at UCSB operate from 0.14 to 4.8 THz
(~4.6-160 cm ™' or a wavelength of 2 mm to 60 pum). These light
sources are quasicontinuous wave (quasi-CW), with pulse
durations of 2-20 ps; have high peak power, ranging from 500
W to 10 kW; and produce modest average powers of tens of
milliwatts. The average fractional linewidth is approximately 5 X
107, determined by stochastic start-up on each pulse. Single-pulse
fractional linewidth can be as narrow as 5 X 1077 depending on
mode structure. Pulse repetition rate can be as high as 7.5 Hz.

During the past decade, FELs have been vital to the successful
exploration of terahertz dynamics in materials, especially dynamics
driven far from equilibrium by strong terahertz fields. Advances
have been made in electro-optics, coherent quantum control,
photon-assisted transport, material physics, device physics and
nonequilibrium dynamics (15). We highlight a few examples of
advances in terahertz electro-optics, coherent quantum control and
material physics. In each case, we outline those features of
terahertz FELs that open new research vistas, primarily frequency,
tunability and power.
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Figure 2. Collinear near-IR and terahertz radiation exit the InGaAs
quantum well semiconductor with sidebands separated by twice the
terahertz frequency.
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Terahertz electro-optics

Control of light propagation in materials and material structures by
applied electric fields is a powerful probe of the properties of
materials in addition to being a fundamental building block of
modern communication and information processing. The term
““electro-optics’” usually describes the modification of the optical
properties by direct current (DC) or slowly varying fields.
However, at terahertz frequencies the applied electric field—the
controlling electric field—is not ‘‘slowly varying.”” The dynamics
of the material system become important; terahertz frequencies ex-
ceed the relaxation rates of most interesting material systems, and
material resonances alter the electro-optics in fundamental ways.

Dynamical Franz-Keldysh effect. The Franz-Keldysh effect
(16,17) describes the result of a DC electric field on the absorption
of light in a semiconductor at the “‘band edge’” at frequencies that
excite an electron from the filled valence band to the empty
conduction band. At terahertz frequencies and large terahertz
electric fields, the interaction is called the ‘“‘dynamical Franz-
Keldysh effect.”” This regime is defined by

Ery,
€(e T;I )ETHz>hOJTH7, (1)

.
mOry,

where e is the electron charge; m* is the effective mass; oy, is the
terahertz frequency; Ety, is the terahertz field strength; and h is
Planck’s constant.

The quantity (eETHZ/m*(x)%HZ) describes the free motion of an
electron in the terahertz field and is only relevant if ®wpy,t > 1.
The damping of the electron motion is small and ignored to first order.
In the limit of small or negligible damping, the electron’s motion is
said to be dynamic; if the frequency is low and/or the damping rate 1/t
is fast, the electron motion is diffusive. In most semiconductor
systems, electron motion becomes dynamic at terahertz frequencies.
But arbitrarily high frequencies require, by inspection of (Eq. 1),
arbitrarily high electric fields and power. The terahertz regime is the
lowest frequency regime in which this phenomenon emerges.
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Figure 3. Fifty asymmetric coupled quantum wells break the symmetry
and allow sidebands separated by an odd multiple of the terahertz
modulation at 1.5 THz. Sideband generation is enhanced as the near-IR and
terahertz radiation resonate interband and intersubband transitions.
Reprinted with permission from reference 19.

The modulation of the "band edge" absorption by the intense
terahertz electric fields results in new optical beams at frequencies
separated from the incident laser beam by multiples of the terahertz
frequency. Figure 2 shows the spectrum of near-IR radiation that
exits an indium gallium arsenide (InGaAs) semiconductor,
pseudomorphically grown on GaAs as multiquantum wells.
Symmetry rigorously enforces ‘‘even’ sidebands. Sidebands are
separated from the near-IR frequency by even multiples of the
terahertz frequency up to 8 X ®ry,.

Resonant terahertz sideband generation. These effects are
dramatically enhanced if the terahertz radiation resonates with
internal quantum mechanical transitions. Excitonic features
dominate the absorption of light at the band edge. An exciton
describes a photoexcited electron that continues to be bound to the
positively charged ‘‘hole” that it vacated. The terahertz radiation
shifts the frequency of the exciton absorption line up and down as
the terahertz radiation is brought into resonance with the internal
transitions of the excitons (18).

By engineering material structures, for example, by introducing
multiquantum well superlattices, the modulation of the optical light
by terahertz radiation can be enhanced many orders of magnitude
(19). Terahertz radiation that resonates with internal transitions in
the quantum wells produces enhanced modulation of the incident
light. Sideband generation is resonantly enhanced as the terahertz
radiation resonates with quantum transitions in the exquisitely
crafted semiconductor nanostructures, as shown in Fig. 3. More
important, the symmetry can be broken in a controlled fashion and
sidebands can be generated that are separated from the near-IR
frequency by an odd multiple of the terahertz frequency.

Coherent quantum control

As noted above, the electron motion at terahertz frequencies in
semiconductor quantum structures is dynamic, that is it follows the
oscillations of the terahertz fields for many cycles before it relaxes
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Figure 4. Left: Energy levels of a donor in a magnetic field.
Electrons are excited coherently by terahertz radiation and
undergo Rabi oscillations between the excited state and ground
state. Excited population is sensed by measuring the current
caused by ionization, process 2 in the figure from the excited
state. Right: The excited state population as monitored by the
induced current undergoes Rabi oscillations as a function of
terahertz pulse duration and parameterized by resonance
detuning. Reprinted with permission from reference 20.

or is scattered; quantum mechanically speaking, intense terahertz
fields can control the quantum state of the electron. The projected
future of “‘quantum computing” relies on the control of quantum
mechanical states before they relax or lose their phase coherence.
In the anticipated ‘“‘quantum computer,”” information is stored as
“qubits.” Despite the fast dephasing and relaxation times
characteristic of electron states in condensed matter, the ultimate
utility of quantum computing and information processing will
hinge on coherent quantum control in solids.

Terahertz Rabi oscillations in isolated donors. The phrase
“Rabi oscillation” describes the cycling of the quantum system
between ground and excited states by an external high-frequency
field. A two-level system undergoes Rabi oscillations when a high-
frequency field is sufficiently intense that it drives the system from
the ground state to the excited state and back down again before it
loses quantum mechanical phase memory. Using intense terahertz
radiation from the FELs and a picosecond pulse slicer, Rabi
oscillations were observed between electron states in isolated
donor impurities as summarized in Fig. 4. These experiments
showed that hydrogen atom-like motional states of electrons
bound to donor impurities can serve as model qubits (20). To make
these observations, the DC photocurrent produced by terahertz
excitation of the donor-bound electron was measured as a function
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Figure 5. Electron transport through a semiconductor superlattice exhibits
absolute negative conductance when dynamically localized by an intense
terahertz electric field of given strength (Eq. 2).
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of the terahertz pulse duration. Rapid dephasing required
controlling the pulse duration at the picosecond timescale. This
is accomplished with a variable picosecond pulse slicer, engineered
with solid-state plasma switches driven by a femtosecond laser
system (21).

Absolute negative conductance and dynamic localization. The
measurement of absolute negative conductance in terahertz-driven
semiconductor superlattices is one of the most striking observa-
tions made with terahertz FELs (22,23). Much like microwaves
control the tunnel current between two superconductors, radiation
can control the quantum tunneling between two quantum wells in
a semiconductor nanostructure. At predicted values of the
frequency and field strength,

eaETHZ
hG)THZ

=C 2)

where a is the quantum well spacing and  is the zero of the Oth-
order Bessel function, electrons can only quantum tunnel by
absorbing or emitting a photon. They are said to be dynamically
localized (24). However, when they are stimulated to absorb or
emit a photon they move from one quantum well to the next or up
and down the Stark ladder as the Stark ladder splitting is less or
greater than the photon energy. For small voltages or fields,
electrons move up the ladder and exhibit absolute negative
conductance, as shown in Fig. 5.

The terahertz regime is uniquely suited to explore these
phenomena. The electron motion must be dynamic, oyt > 1.
Although this condition is satisfied for much higher frequencies,
Equation 2 indicates that the required power scales like the
frequency and catastrophic heating by radiation is harder to avoid.
The nonequilibrium dynamics described here appear without
severe material heating only at terahertz frequencies.

Material physics

The high power of the FEL is not particularly useful for linear
spectroscopy unless the throughput is particularly low. In contrast,
when the throughput is high, linear terahertz spectroscopy is
better accomplished with more conventional sources such as
Fourier-transform spectroscopy, time-domain spectroscopy or
molecular gas lasers.

Stark-ladder spectroscopy. A multiquantum well superlattice in
a DC electric field is described as a Stark ladder. The energies of
the quantum states are separated by eaEpc, the voltage drop
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Figure 6. A semiconductor superlattice in an electric field produces a Stark
ladder. Terahertz radiation drives electrons up or down the ladder as the
photon energy is greater than or less than the Stark splitting.

between neighboring wells, and form the ‘“‘rungs’ of the ladder.
The linear dynamical response of the Stark ladder in an electrically
biased superlattice is intimately related to the dynamic localization
described above (25). Dynamic localization manifests itself as
a dramatic change in DC conductance when the superlattice is
irradiated with terahertz radiation. The linear dynamical con-
ductivity 6(wry,) is more difficult to measure but critically im-
portant for the use of electrically biased superlattices in future
terahertz electronics.

A weak terahertz field can be amplified if the frequency is less
than the Stark ladder splitting, as summarized in Fig. 6. This gain
may be potentially important for making a tunable terahertz
oscillator. To measure the dynamical conductance of subwave-
length mesas, an array of superlattice posts was inserted in
a terahertz waveguide only 10-um high (Fig. 7). The top and
bottom of the waveguide allowed electrical bias of the array while
radiation from the UCSB FELs was guided to a sensitive detector.
The high terahertz power of the FELs overcomes the very small
throughput caused by the narrow entrance aperture of the
waveguide.

Figure 8 shows the crossover from loss to gain at 1.98 THz in
the superlattice material as the electrical bias causes the Stark
ladder splitting to exceed the photon energy. Although this is
a measurement of the linear terahertz response, the small
throughput makes this experiment impossible without the relatively
high power from the FEL. These experiments open the possibility
of solid-state terahertz oscillators based on electrically biased
superlattices in terahertz cavities.

Terahertz circular dichroism in biopolymers. Circular dichroism
describes the difference in absorption or propagation of right- and
left-handed radiation in material. It is a signature of chirality and
has been well-characterized and used in the visible, UV and near-
IR frequencies in various biopolymer materials. Circular dichroism
has not been explored or exploited at terahertz frequencies.
Biopolymer excitations at terahertz frequencies are particularly
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Figure 7. a: A superlattice mesa. b: Radiation from the UCSB free-electron
lasers is focused onto the 10-pum high opening of the terahertz waveguide
and guided to the entrance aperture of the detector. c: Waveguide with top
metal/contact removed exposing sidewall confinement by photonic band
gap structure and an array of superlattice posts. Reprinted with permission
from reference 25.

important because they describe small-amplitude macromolecular
motions that are the precursors of functionally relevant, large-
amplitude conformational changes. In principle, terahertz circular
dichroism can sense the biopolymer motions free of the back-
ground absorption from nonbiological material.

Terahertz circular dichroism in aqueous biopolymers requires
tunable, high-power sources to measure what is essentially the
linear response of this material but in the presence of very strong
background absorption. Toward this end, a polarization articulated
interferometer has been developed (Fig. 9). When driven by the
coherent, high-power radiation of the FEL, terahertz circular
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Figure 8. Change in transmission through the waveguide at 1.98 THz as
function of electrical bias indicates a crossover from loss to gain as the
Stark ladder splitting exceeds the terahertz photon energy. Reprinted with
permission from reference 25.
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Figure 9. A polarization articulated interferometer modulates the terahertz
radiation between right and left handed circular polarization.

dichroism has been detected in concentrated solutions of lysozyme.
A work in progress, this capability depends on the spectral
coherence and high power of terahertz FEL (26,27).

Current and future enhancements of the
UCSB terahertz FEL

The application of injection locking to narrow the average
linewidth is under study and will be attempted as technology
permits. In addition, although the terahertz FELs operate at any
frequency within their range, the ease of continuous tunability is
limited to several percent by the need to resteer the electron beam.
A new control system is under development based on an ex-
pert system and concepts of artificial intelligence to automate
operator functions.

Summary of terahertz FEL applications

The high power and tunability of terahertz FELs has enabled the
exploration of terahertz dynamics in systems driven far from
equilibrium. It would be virtually impossible to have carried out
these experiments with other terahertz-source technology. In
addition, there are circumstances in which the high power makes
possible experiments in the linear regime, i.e. experiments in which
the throughput is very small and the high power substantially
improves the signal-to-noise ratio.

Terahertz FELs have enabled advances in electro-optics,
coherent quantum control, photon-assisted transport, material
physics, device physics and nonequilibrium dynamics. There is
a repeating theme in the wide variety of terahertz phenomena in
semiconductor structures—at terahertz frequencies classical or
quantum dynamics rather than relaxation, drift and diffusion
dominate the material and device physics. Combined with high-
terahertz power a totally new regime of dynamic nonequilibrium in
semiconductor quantum structures is revealed.

NONLINEAR VIBRATIONAL
SPECTROSCOPY IN THE CONDENSED
PHASE WITH THE INFRARED SCA FEL

The superconducting linear accelerator (SCA) FEL at Stanford is
an enabling source for nonlinear vibrational spectroscopy. The

SCA FEL is broadly tunable in the mid-IR frequencies (3—15 pum),
producing micropulses with a duration of 0.7-3 ps at a repetition
rate of 11.8 MHz and a micropulse energy of microjoules. The
effective experimental micropulse repetition rate can be reduced to
kilohertz by an acousto-optic modulator system. The macropulse
duration is 2 ms and the macropulse repetition rate can be as high
as 20 Hz. The spectral bandwidth is transform-limited with
a stability of 0.01% rms. The amplitude stability is less than 2%
rms. Vibrational photon-echo techniques have been developed with
use of the SCA FEL (28). Together with pump-probe and transient-
grating measurements, these techniques have been used to advance
the understanding of vibrational dynamics in liquids and glasses
where the homogeneous vibrational line shape is extracted from an
otherwise inhomogeneously broadened mid-IR spectral feature. In
particular, these techniques have been used to investigate in-
termolecular and intramolecular dynamics that give rise to
homogeneous linewidths and pure dephasing of the asymmetric
carbon monoxide (CO) stretching modes of metal carbonyl solutes
in several glassy and liquid solvents (29,30) as well as the CO
ligand in native and mutant myoglobins (31). For this and other
studies of dynamical processes in condensed-phase systems, the
American Physical Society awarded Michael Fayer the Earl K.
Plyler Prize for Molecular Spectroscopy in March 2000.

The vibrational homogeneous linewidth is an experimental
observable of the vibrational photon-echo measurement. The
scientific foundation of the echo technique lies in the spin echo
of magnetic resonance (32), first described by Hahn in 1950 (33).
The optical photon echo was demonstrated in 1964 (34,35) and has
been used since then to investigate electronic excited-state
dynamics. The echo is a consequence of two pulses separated in
time, and in the case of vibrational photon echoes, the first IR pulse
excites an ensemble of solute molecules into a superposition state
of vibrational levels. The microscopic dipoles are in phase
immediately after the first pulse. Because there is a distribution
of vibrational frequencies, the phase coherence rapidly decays. The
second IR pulse arrives at an angle 0 with respect to the trajectory
of the first pulse, with a delay 7, and initiates a rephasing process
reminiscent of time reversal. At a time t after the second pulse,
a coherent pulse is emitted, i.e. an IR or vibrational photon echo.
The echo is emitted at an angle 20 with respect to the first pulse
because of matching wave vectors. Although the rephasing process
overcomes inhomogeneous broadening, fluctuations compromise
the rephasing process and with increasing t the intensity of the
echo decreases. A decay of the echo intensity as a function of t in
effect measures the fluctuations in the vibrational frequen-
cies. Consequently, the Fourier transform of the echo decay curve
is the homogeneous line shape.

In the pump-probe experiments, ~90% of the IR pulse serves
as a pump and ~10% as a probe, where the probe pulse is
delayed by t. The pump pulse bleaches the sample, and the
probe pulse measures the recovery as a function of t. In the
transient-grating experiment, the IR pulse is divided into three
pulses, one of which is delayed by t. The two coincident pulses
are crossed in the sample to produce an interference pattern,
which leads to a diffraction grating in the population of excited
vibrational modes. Because the delayed pulse will diffract from
the population diffraction grating at the Bragg angle, measure-
ments as a function of t will determine the lifetime of the
excited vibrational modes. In both experiments, polarized pulses
can be used to distinguish orientational relaxation from lifetime
relaxation.
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Figure 10. Vibrational photon echo decay data taken of W(CO)e in 2-
MTHEF at 16 K. The inset is a semilogarithmic plot showing the data decay
exponentially. Reprinted with permission from reference 28.

Metal carbonyl solutes in glassy and liquid solvents

Vibrational photon echo, pump-probe and transient-grating experi-
ments of the asymmetric CO-stretch mode of tungsten hexacar-
bonyl (W[CO]Je) in various solvents have provided a foundation for
understanding the dynamics of molecular vibrations in condensed-
matter systems. The seminal experiment investigated the asym-
metric CO-stretch mode of W(CO)g in 2-methyltetrahydrofuran (2-
MTHEF) (28). The FEL was tuned to 5.10 um and the micropulse
duration was 2.7 ps at a repetition rate of 1 kHz. Because the
coupling of vibrations to the heat bath, i.e. mechanical degrees of
freedom external to the molecule, is substantially weaker than that
of electronic states, the dephasing times are relatively long for the
vibrational photon echo, and there are little or no solvation
dynamics. Consequently, picosecond pulses are appropriate for this
investigation. The temperature was varied from 300 to 16 K, taking
the sample from a liquid to a supercooled liquid and then to a glass.
Photon echoes were observed from 16 to 140 K, where T, is 90 K,
and the photon-echo decay curve at 16 K is shown in Fig. 10. The
time constant for the decay is 15 ps, the homogeneous dephasing
time is 60 ps and the homogeneous linewidth is 5.2 GHz, which
should be compared with the inhomogeneous linewidth of 540
GHz. The pure dephasing time contribution to the homogeneous
linewidth, a measure of the influence of conformational fluctua-
tions on the vibrational energy level spacing, is 1.6 GHz.

Subsequent measurements investigated W(CO)e in 2-methyl-
pentane (2-MP) from room temperature to 10 K (36). The FEL was
tuned to 5.04 um, and the pulse duration was ~1.5 ps. These
results suggest that the asymmetric CO-stretch mode can be
inhomogeneously broadened in liquid solutions and that in-
homogeneous broadening occurs at room temperature. The
apparent decay time was 1.6 ps, the homogeneous linewidth was
49 GHz and the inhomogeneous linewidth was ~300 GHz. The
room temperature observation of the photon echo is attributable to
the relatively sharp homogeneous linewidth of asymmetric CO-
stretch mode for W(CO)¢ in 2-MP.

Infrared photon-echo beats have been observed with ~700 fs
FEL micropulses to investigate the asymmetric CO-stretching
mode of W(CO)g in dibutyl pthalate (DBP) (37). The FEL can
populate higher vibrational levels when the bandwidth or Rabi
frequency of the micropulse exceeds the vibrational anharmonicity.
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Figure 11. Beating evident in photon echo decays and fits for the
asymmetric CO-stretching mode for W(CO)s in DBP as a function of
temperature. Reprinted with permission from reference 37.

The beats are interpreted as multilevel coherence of the anharmonic
oscillator. Figure 11 exhibits beats in the photon-echo decay curve,
which are accounted for by a three-level model with a modulation
frequency of 2.3 ps and a vibrational anharmonic splitting of
14.7 = 0.3 cm ™.

Vibrational spectral diffusion has been investigated with pump-
probe and transient-grating techniques using 1.3 ps pulses from the
FEL and 10 ps pulses from an optical parametric amplifier (38). An
ensemble of solute molecules will sample all possible solvent
environments and thus a distribution of transition energies on some
timescale. Consequently, the homogeneous line spectrally diffuses
throughout the full inhomogeneous line on a timescale that is long
with respect to the homogeneous dephasing time. Measurements of
a transient spectral hole demonstrate spectral diffusion and
orientational motion of the asymmetric CO-stretching mode for
W(CO)g¢ in 2-MP. Intriguingly, the lifetime increases with
temperature.

Native and mutant myoglobins

Investigation of the dynamics of the CO-stretching mode in
myoglobin has provided insight into protein dynamics (39).
Myoglobin stores and transports O, in muscle tissue. CO or O,
binds to the iron atom located in a symmetric protoheme, i.e.
iron(II) protoporphyrin-IX, located in the myoglobin interior.
Myoglobin has a number of conformational substates and
conformational dynamics of proteins occur over a wide variety
of timescales. The FEL was used for pump-probe measurements of
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the vibrational lifetime of the CO-stretching mode in myoglobin
and water soluble, bare Fe:porphyrin near 5.1 pm as a function of
solvent and temperature (40). The lifetime was relatively in-
sensitive to temperature over the range of 20 to 300 K, indicating
that vibrations with frequencies <400 cm ' are relatively
unimportant for relaxation of the CO-stretching mode. The
lifetimes of the CO-stretching mode did depend on substrate and
solvent with values of tens of picoseconds. Vibrational relaxation
was slower when CO is unhindered by the local environment and
faster when CO is hindered by local interactions. Measurements of
metalloporphyrins containing iron (Fe), ruthenium (Ru) or osmium
(Os) demonstrate that the vibrational relaxation lifetime decreases
with increased mass of the metal ion (41). This indicates that
vibrational relaxation of the CO-stretch mode in metalloporphyrins
is not dominated by transfer though porphyrin vibrations involving
the central metal ion and may instead be through longer-range
interactions with the porphyrin. Additional measurements of
synthetic porphyrins with different proximal ligands (imidazoles
and pyridines) in dichloromethane (CH,Cl,) (42) and of mutants
that altered the local dielectric environment (43) were performed,
providing further evidence that the predominant vibrational
relaxation process is the intramolecular transfer from CO to the
poryphrin/heme. The carbonyl vibrational lifetime was observed to
decrease as the carbonyl vibrational frequency decreases. This
leads to the conclusion that vibrational relaxation of the CO-stretch
mode in myoglobin is dominated by through-n-bond anharmonic
coupling between CO and poryphrin/heme.

Vibrational photon-echo measurements of the CO stretch in CO-
myoglobin have been investigated with the FEL tuned to 5.14 pm
over the temperature range of 60 to 300 K (44) and 11 to 300 K
(45) in several solvents. The CO vibrational spectrum was shown
to be inhomogeneously broadened at all temperatures. The low-
temperature pure dephasing time exhibited a power law temper-
ature dependence with a coefficient of 1.3 indicative of a glass for
all solvents measured. As the temperature increased, solvent-
specific effects were observed. For the solvent trehalose above
200 K the pure dephasing time is well described as an activated
process with AE = 650 cm !, whereas for glycerol/water above
185 K, it is AE =1000 cm™', attributable to differences in the
viscosity of the solvents (46). Photon-echo measurements of
a mutant myoglobin, in which the polar histidine was replaced by
the nonpolar valine, narrowed the homogeneous pure dephasing
line width by ~21% relative to native myoglobin (47).

Future research

Vibrational spectroscopy is important because of its selectivity in
interrogating well-defined mechanical degrees of freedom in mole-
cules. The vibrational dynamics of W(CO)g in various solvents have
been well characterized with nonlinear spectroscopic techniques
developed with the SCA FEL as a tunable, picosecond light source.
These nonlinear techniques are a significant extension of vibrational
spectroscopy for condensed systems and are continuing to be de-
veloped using both FELs and emerging conventional IR light sources.

Biology is dominated by structural dynamics, i.e. by vibrational
dynamics. The investigation of CO-myoglobin has interrogated the
coupling of the CO-stretching mode to the porphyrin/heme and to
the conformational landscape of the overall protein. The current
prevailing view is conformational substates are rapidly sampled in
proteins, where the faster fluctuations explore the conformational
landscape and give rise to slower processes associated with

biological function. Nonlinear vibrational spectroscopy is a very
promising tool for investigating the complex dynamics in biology
with the quantitative precision of the physical sciences.

CONDENSED MATTER RESEARCH AND
GAS-PHASE SPECTROSCOPY USINGIRFELS

The FEL infrared experiments (FELIX) in The Netherlands
includes a far-IR FEL with a spectral range from 25 to 250 um
and a mid-IR FEL with a spectral range from 3 to 40 pm (48).
Light from 3 to 5 um is achieved by lasing on the third harmonic.
The output consists of bursts (macropulses) of micropulses; the
spacing between the micropulses is either 1 ns (1 GHz) or 40 ns (25
MHz). Using a transient optical switch it is possible to slice
a single micropulse out of the pulse train with an efficiency of more
than 50%. The optical characteristics are listed in Table 1.

FELIX supports a wide range of research including physics,
chemistry, material science and biology. The experiments fall
predominantly into two classes: (1) vibrational relaxation phenom-
ena in condensed matter; and (2) spectroscopy of gas-phase
species, (bio)molecules and clusters, either neutral or ionized.
Applications research includes amorphous materials, spintronics,
nanostructures and nanocrystals, biomolecules, fullerenes, clusters
and complexes.

Vibrational relaxation phenomena in condensed matter

Amorphous materials. The relaxation of the stretch vibrations of
hydrogen and deuterium in amorphous silicon is of substantial
technological importance. Hydrogen is often used to bind to and
thereby passivate defect states of amorphous silicon by reducing
the concentration of charge-carrier trapping states and recombina-
tion centers. This reduction of the number of defect states
significantly enhances the characteristics of this material, but the
beneficial effect strongly reduces with time. Recently, it was found
that the aging effect is much smaller when deuterium is used
instead of hydrogen. Lifetime measurements predominantly use the
25 MHz or single micropulse mode of the FEL in view of the
relaxation times involved, not only for the primary process but also
for the temperature transient because of the thermalized energy.
Dedicated beamlines at FELIX support four-wave mixing
techniques such as transient bleaching, transient grating, and
photon-echo measurements in the mid-IR and far-IR.
Experimental measurements of the relaxation time employing
four-wave mixing techniques show that whereas the decay for
deuterium is clearly single-exponential, it is not for hydrogen

Table 1. Characteristic operational parameters of FELIX

3-250 pm (3300—40 cm ")
>1 octave in a minute
1 ns, 40 ns, single micropulse

Tuning range
Rapid tuning
Micropulse repetition rate

Macropulse repetition rate <10 Hz

Micropulse energy 1-50 wJ

Micropulse power <100 MW

Macropulse duration 4-8 ps

Bandwidth (adjustable) 0.4-6% (transform limited)
Polarization >99%

Beam quality near-diffraction limited




(49,50). This observation can be related to the striking difference in
energy decay channels for both cases: whereas the relaxation for
hydrogen occurs mainly via an almost resonant energy transfer to
the bending mode at the same site and is therefore a local event, the
relaxation of deuterium primarily involves phonons, i.e. modes of
the bulk. This nonlocalized energy release reduces the chance of
breaking the hydrogen—silicon (H-Si) bond and is believed to be
the main reason for the strongly reduced aging effects.

Nanostructures. The material properties of silicon/silica (Si/
SiO,) nanostructures, a promising material for future optoelec-
tronic applications, also have been investigated (51). Because the
dangling bonds are passivated and nonradiative recombination is
effectively suppressed, silicon nanocrystals embedded in an SiO,
matrix exhibit efficient photoluminescence due to quantum-
confined exciton recombination. Suboxide-related centers, i.e.
centers with a reduced oxygen concentration compared with
SiO,, are thought to play a crucial role in the optical properties in
Si/SiO, nanostructures. In this context, silicon oxides (SiOy)
represent an interesting class of materials because they phase-
separate into a mixture of Si and SiO. Measurements in o-SiOg ;
(Fig. 12a) reveal fast dynamics with a lifetime of 2.8 ps at 10 K
determined by transient-grating spectroscopy. From the tempera-
ture dependence of the decay rate shown in Fig. 12b it can be
inferred that stimulated emission into two accepting modes is
responsible for the observed decay.

Spintronics. Investigations of the spin of electrons and holes in
solid-state systems reveal that the quantum mechanical properties
of these systems exhibit a large variety of interesting physical
phenomena. Now generally referred to as “‘spintronics,” recently
there has been considerable interest in the spin of carriers in
semiconductor heterostructures. To realize spintronic devices,
a high spin polarization is required. To manipulate the spins with
an electric field, a large controllable splitting of subbands in k-
space has to be achieved, i.e. the so-called Rashba effect. The
Rashba effect may be produced in semiconductor quantum wells
for spins oriented in the plane of the quantum well. Under the same
conditions, it has been shown that the spin polarization itself drives
a current, which is unpolarized, without any bias. This is of interest
because it may eventually be possible to reverse the effect and
produce a spin polarization simply by driving an unpolarized
current, i.e. without the need for ferromagnetic metals or magnetic
semiconductors as the contacts. This observation that the spin
polarization itself drives a current is called the spin-galvanic effect
(SGE) and was previously demonstrated with optical excitation and
the presence of an external magnetic field. The B-field was used to
discriminate between SGE and the circularly polarized analogue of
photon drag (which is essentially a manifestation of the momentum
transfer of photons to charged carriers) called the circular
photogalvanic effect (CPGE). The all-optical-induced SGE has
been demonstrated (52), a key step toward the long-term goal of
establishing the existence of the SGE in zero magnetic field with
purely electric injection where CPGE will be irrelevant. The
tunable high-power output in the mid-IR was required for resonant
excitation, to obtain a measurable photocurrent and to discriminate
between CPGE and SGE, thus avoiding the need for the magnetic
field. The (001)-grown, n-type GaAs quantum well structures were
illuminated by circularly polarized radiation at oblique incidence to
generate a component of spin polarization in the well plane, and
a current signal along the well perpendicular to the plane of
incidence was measured. The results showed that a helicity-
dependent photocurrent along one of the <110> axes is
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Figure 12. a: 10-K transient grating signal of a-SiOg; excited via the
asymmetric stretching vibration at 960 cm'. b: Temperature-dependent
population decay and fits of the temperature dependence to different
combinations of accepting modes. Reprinted with permission from
reference 51.

predominantly produced by the SGE whereas the current along
the perpendicular axis is mainly the result of the CPGE. A
microscopic theory of the SGE for direct intersubband optical
transitions has been developed and is in good agreement with these
experimental findings (52). The results will be used to design
samples with enhanced spin galvanic and Rashba effects, both of
which are important for spintronic devices.

Biomolecules. The last example of relaxation phenomena
involves investigations of the vibrational lifetimes of protein
modes in the mid- and far-IR. In general, temperature transients are
limiting for biological samples, and pulse slicing is often necessary
for these experiments. Pump-probe experiments in the mid-IR
measured the vibrational lifetime of the amide I mode in different
systems ranging from the simple amino acid alanine and the almost
entirely o-helix protein myoglobin to the predominantly B-sheet
photoactive yellow protein (53). By pumping on the blue side of
the amide I mode of myoglobin an unusually long, nonexponential
excited state relaxation was observed that is neither present for
alanine nor for photoactive yellow protein. These results suggest
that the o-helix can support longer-lived nonlinear states. More
recently, collective modes in proteins also have been investigated
(54). These modes are considered to be essential for functionally
important conformational transitions in proteins. Using the far-IR
pump-probe beamline the low-frequency collective modes of
bacteriorhodopsin, a transmembrane protein, have been excited at
87 um. The observed transmission change depicted in Fig. 13
shows that these modes have an extremely long vibrational lifetime
of more than 500 ps when compared with the higher frequency
modes such as the amide I mode with a vibrational lifetime of only
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Figure 13. Pump-probe response of bacteriorhodopsin at 87 um. The
dotted line is a single exponential fit to the data with a time constant of
500 £ 100 ps. Reprinted with permission from reference 54.

2 ps. The remarkably long lifetime of the far-IR vibrational
excitation compared with the amide I mode may be related to the
fact that fewer pathways for energy flow are available in the far-IR
and to the relatively weak solvent damping with low hydration.
The results suggest that there is a connection between the relatively
slow anharmonic relaxation rate and the observed rate of
conformational changes in a protein.

Gas-phase IR spectroscopy

Infrared resonance-enhanced multiphoton ionization (IR-REMPI)
takes advantage of the tunability of the FEL and its high fluence on
the microsecond timescale. Whereas the initial IR-REMPI experi-
ments investigated fullerenes, the technique has been used to
investigate (bio)molecules, clusters and complexes in the gas
phase. A recent review on IR-REMPI studies can be found in von
Helden et al. (55). In general, gas-phase spectroscopic experiments
are characterized by (very) low absorption of the sample. Because
the detection scheme is based on dissociation or ionization of the
species, a strongly nonlinear dependence on the laser fluence is
found and therefore FELIX typically operates in the 1 GHz-mode
for this application.

Fullerenes. In the pioneering fullerene experiments, Cgo
molecules were excited to an internal energy of about 35-40 eV
corresponding to 600 photons at the resonance frequency of 19.2
pm (56). At this internal energy, the Cgp molecules can undergo
thermionic emission of an electron, and the Cgq ion can be detected
very sensitively by mass spectrometry. Recording the mass
spectrum of a species as a function of the FEL wavelength allows
the measurement of the IR spectrum of the neutral molecule.

Nanocrystals. The breadth of research enabled by the IR-REMPI
technique was nicely demonstrated when the IR spectra of gas-
phase titanium carbide nanocrystals were measured in the
laboratory and showed a prominent feature at 20.1 um, which
compares favorably with a similar feature in observed spectra of
postasymptotic giant branch (post-AGB) stars (57). The IR spectra
of titanium carbide clusters were measured by IR-REMPI with
FELIX and provide evidence for the previously proposed metallo-
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Figure 14. The emission spectrum from a post-AGB object taken by the
ISO satellite (upper trace, left axis) compared with the wavelength spectrum
of TiC nanocrystal clusters recorded at FELIX (lower trace, right axis).
Reprinted with permission from reference 57.

carbohedrenes (Met-Cars) structure of TigCj, and nanocrystalline
structure of Ti;3C4 (58). Met-Cars are a unique class of stable
clusters comprised of early transition metals bound to carbon in
several unique stoichiometries corresponding to single cage-like
structures as well as multiple cage structures. The similarity of the
IR spectra of larger TiC clusters to that of Ti;3Cy4 indicates that
larger clusters have a nanocrystalline structure as well. The
wavelength spectra of different sizes were therefore summed to
a composite spectrum shown in Fig. 14, which has a strong peak at
20.1 pm and a width of about 1.8 um. Most remarkably, the IR
spectra of post-AGB objects are dominated by a distinct feature at
20.1 pm, which is present in the IR spectra of all sources at the
same wavelength and with the same profile. The emission spectrum
of the post-AGB object SAO 96709, taken by the Infrared Space
Observatory (ISO) satellite is shown also in Fig. 14 for
comparison. This 20.1-um feature is unique to the post-AGB
phase of the stellar evolution and has never been observed for
objects in other evolutionary phases. These results have important
implications for the understanding of the last stages of the
evolution of low-mass stars and demonstrate a significant contri-
bution of FELs to astrophysics.

Clusters and complexes. Whereas the IR-REMPI technique
makes use of a change in the charge state, alternatively a change in
the composition (infrared multiphoton dissociation, IR-MPD) of
the species under study can be used for recording the IR spectra.
The two examples for IR-MPD spectroscopy in a molecular beam
apparatus discussed here—CO-rhodium (Rh) cluster complexes
(59,60) and metal clusters (61)—demonstrate the necessity for
broadband tunability from the mid-IR to the far-IR regions. The IR-
MPD method requires that laser light is resonant with an IR-active
mode of a cluster and that the cluster absorbs one or more photons.
If this energy storage leads to dissociation of the complexes, their
mass spectrometric intensity will be decreased. IR-depletion
spectra are constructed by recording the ion intensities as a func-
tion of the FELIX wavelength.

The study of complexes of CO adsorbed on metal clusters is
driven by the catalytic activity of transition metals dispersed on
supports. The IR-MPD technique provides the sensitivity to study
the IR spectra of a metal-CO complex in the gas phase without the
influence of the support. The stretching frequency of CO is known
to be highly sensitive to the structure and the electron density at the



binding site and therefore represents an excellent probe when
studying structural changes as a function of, e.g., the size or the
charge state of the metal cluster. The IR spectra of neutral, cationic
and anionic Rh,CO complexes with » ranging from 3 to 15 were
recorded in the frequency range of the CO-stretching vibration
from 1650 to 2200 cm . It was found that the adsorption site of
the CO molecule strongly depends on the size and the charge of the
cluster (59,60). A general picture of the binding of CO to gas-phase
Rh clusters emerged, and two different regimes of CO binding
depending on the cluster size could be identified. Clusters with n >
5 show predominantly binding of the CO molecule on top of
a metal atom of the metal cluster. As the cluster size increases, one
expects the properties of the charged species to converge to those
of the neutral species and eventually to those of the bulk; this point
has not been reached at n = 15. For the smaller clusters with n < 4,
a much more dramatic dependence of the binding site on the cluster
size and the cluster charge is found. These studies hold great
promise for elucidating the chemistry of small clusters and
therefore represent a key step toward more complex systems
relevant for catalysis.

It was shown recently that IR-MPD can also be employed to
investigate pure metal cluster complexes. The far-IR spectra of
vanadium cluster cations are measured via the dissociation of
a complex formed with argon for cluster sizes ranging from 6 to 23
in the frequency range from 150 to 450 cm ' (61). The spectra
shown in Fig. 15 are unique for each cluster size and therefore
represent a true fingerprint of the cluster structure. The geometric
structure of the clusters can be identified by comparison of the
experimental IR spectra with model spectra obtained from density-
functional theory (DFT) and thereby contribute to the fundamental
understanding of the structures and properties of small metal
cluster systems.

IR-MPD also is well suited to study complex systems in an ion
trap. The IR spectra of a variety of systems were measured, e.g. the
gas-phase spectrum of the protonated water dimer, HsO," (62).
Proton transfer through hydrogen bonds plays an important role in
many (bio)chemical processes, but the detailed molecular mech-
anism is not yet established. In this experiment a sophisticated
tandem mass spectrometer/ion trap setup has been connected to the
FELIX beamline. The water cluster cations were produced in an
ion-spray source, mass selected and accumulated in a linear RF ion
trap at a temperature of about 100 K. The trapped ions were
irradiated by a single macropulse and the dissociation product—in
this case H3;O'—was detected mass selectively while the
wavelength was scanned over the range of the shared proton
vibrations. Strong bands were observed in the range from 1600 to
1740 cm'. Comparison of the experimental spectrum with
multidimensional quantum calculations shows the importance of
intermode coupling in those shared proton systems.

Recently, another ion trap apparatus with extremely high mass
resolution, a Fourier-transform ion-cyclotron mass spectrometer
(FTICR-MS), was installed at FELIX in collaboration with the
National High Magnetic Field Laboratory in Tallahassee, FL. This
apparatus has proven to be a versatile tool for gas-phase
spectroscopy of large (bio)molecules and clusters as well as for
gas-phase synthesis of ions allowing for structural characterization
of systems with significant chemical complexity. The IR-MPD
spectrum of the Cr'(aniline) complex recorded with this FTICR-
MS is shown in Fig. 16, together with the calculated spectrum for
two isomeric structures with the Cr' either bound to the ring or
bound to the nitrogen (N) of the amino group. As the computed
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Figure 15. Far IR-MPD spectra of the argon complexes of vanadium
cluster cations V,Ar" (n = 6-23) are measured in the range from 140 to
580 cm ' (depicted only up to 450 cm™") (61).

binding energies for these structures are almost the same,
experimental data were necessary to resolve this ambiguity—the
Cr binds to the ring of the aniline (63). Another example is studies
probing the vibrations of shared OH+O bound protons in the gas
phase that nicely build on the investigation of protonated water
dimer discussed above. Here, the IR-MPD spectra of a number of
gas-phase species with bridging protons were recorded (protonated
dimethyl ether, protonated diethyl ether and protonated diglyme)
and compared with model calculations (64). Given the similarity
between the spectra measured in this study and the spectrum of the
protonated water dimer (62), it seems reasonable to assume
a general spectroscopic signature of a proton forming a strong
hydrogen bond between two equivalent oxygen atoms.

Biomolecules. This final example of gas-phase spectroscopy at
FELIX makes use of a change in quantum state to measure the IR
spectrum of, e.g., biomolecules such as amino acids, sugars and
nucleobases (65-67). The method employed in these studies is
called IR ion-dip spectroscopy (IR-IDS). The molecules under
study are resonantly ionized by a pulsed UV laser tuned to the
conformer-specific transition frequency to produce a constant ion
signal. The IR laser, FELIX in this case, interacts shortly before the
UV laser with the molecular beam. If the IR laser is resonantly
exciting a vibrational transition, the ground state of the molecule is
depleted, and as a result the UV ion signal decreases. Thus by
monitoring the UV ion signal as a function of the FELIX
wavelength, the IR spectrum is measured. Using IR-IDS the
spectra of three different conformers of the amino acid tryptophan
were measured in the frequency range between 300 and 1500 cm ™'
and represent the first spectra of gas-phase biomolecules in the
molecular fingerprint region (65). The spectra are depicted in
Fig. 17 and show immediately that they are unique for each con-
former, which indicates that the actual conformation has a large
effect on the vibrational spectrum. Overall, the model spectra
calculated using DFT methods (Fig. 17) match the experimental
spectra well. The potential of the IR-IDS method to study larger
molecules has been demonstrated by studies probing the glycosidic
linkage of a lactoside (66) as well as measurements of the single
and paired nucleobases guanine and cytosine (67). These results
are encouraging for future studies on identification of conforma-
tional folding of larger molecules by means of their IR absorption
characteristics.
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Figure 16. IR-MPD spectrum of the Cr'(aniline) complex and the
calculated IR spectra of the two isomeric structures with the Cr' bound
to the aniline ring and bound to the nitrogen of the NH, group. The
comparison shows that the complex is formed via binding to the ring.
Reprinted with permission from reference 63.

Future enhancements of FELIX

The development of a third beamline is underway that will allow
user experiments access to the much higher powers present within
the FEL cavity (68). To date, the design phase has been finished
and the construction of free-electron laser for intracavity experi-
ments (FELICE) has begun; first lasing is expected in spring 2006.
Two intracavity experiments are planned: a molecular beam
apparatus and a high-resolution FTICR-MS. FELICE will cover

the wavelength range from 3 to 100 um and is expected to increase
the power available to the intracavity experiments by a factor of
100 as compared with FELIX and thereby open up the field for new
and exciting experiments particularly in molecular physics.

Summary of FELIX applications

These examples have shown that FELIX has been an essential tool
for the measurement of vibrational relaxation processes in
condensed matter and for gas-phase spectroscopy having a signif-
icant impact on applications research involving amorphous
materials, spintronics, nanostructures and nanocrystals, biomole-
cules, fullerenes, clusters and complexes. The fields of research
using IR-REMPI and IR-MPD have been expanding rapidly.
Multiphoton IR excitation has a bright future for the spectroscopy
of gas-phase (bio)molecules, clusters and complexes. At present,
the wide tuning range and high pulse energies per microsecond
make FELIX the laser of choice for these studies, and FELs most
likely will continue to enjoy an advantage for these types of
experiments relative to other light sources.

MATERIALS ANALYSIS AND PROCESSING
USING AN IR MARK-IIl FEL

The Mark-III FEL combines broadly tunable (2—-10 pum) picosec-
ond pulses, high pulse repetition frequency and high peak power
(69), making it an effective tool for laser ablation, organic materials
synthesis and modification and even mass spectrometry. Because
the output is in the mid-IR, the laser-material interaction with the
Mark-III FEL is qualitatively distinct from femtosecond Ti:sap-
phire laser systems operating at 800 nm: the interaction with
materials is marked by high local densities of vibrational, rather
than electronic excitation. This has two advantages: first, the
relative probability of complex electronic excitation (and photo-
chemistry) is decreased, and second, the specific vibrational mode
associated with the initial excitation is often well understood.

As the following examples illustrate, this new regime for
materials analysis and processing complements that afforded by
solid-state and gas-laser systems operating in the UV to near-IR
spectral range. The three examples show respectively the
opportunities created by (1) the exceptionally gentle ablation
mechanism of the FEL; (2) the mid-IR tunability of the FEL; and
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(3) the high pulse-repetition rate and high micropulse intensity
combined with low micropulse fluence of FEL radiation. These
examples also serve to benchmark the lasers that will extend these
examples to tabletop laser systems and to other applications.

Two-color matrix-assisted laser desorption and ionization

One of the most important analytical techniques for characterizing
large molecules is matrix-assisted laser desorption—ionization mass
spectrometry (MALDI-MS). In conventional MALDI-MS, an
analyte molecule was cocrystallized at low concentration in
a weak organic acid with strong UV absorption. A nanosecond
UV laser, typically the inexpensive N,-gas laser, ablates a thin
layer of material from the matrix. During the ablation process,
a small fraction (~107°) of the embedded analyte molecules would
be ionized through a process that is widely believed to result from
collisions in the laser plume between ion donors from the matrix
and appropriate acceptors on the analyte molecule. This process of
“soft ionization’” was honored with the Nobel Prize for Chemistry
in 2002.

It has long been known that MALDI with IR lasers broadens the
class of possible matrix materials and leads to improved mass
spectrometry of such diverse systems as: nucleic acids (70);
phosphorylated, glycosylated or sulfated peptides (71,72); and
proteins fixed in thick media such as polymer membranes (73). IR-
MALDI at 2.94 um clearly results in less fragmentation of large
proteins and noncovalent complexes than UV-MALDI when using
the same matrix (72,74,75). Using the FEL, direct IR laser
desorption of biomolecules embedded in frozen aqueous solutions
(76) and in polyacrylamide gels (77) has been demonstrated by
selectively exciting vibrational modes of the ice or gel matrix.

Because of the large laser penetration depths of IR compared
with UV, IR-MALDI at 2.94 um ejects approximately 10* times
more sample material per laser shot than UV-MALDI under typical
conditions; the total ion yield is less than 107° of the ejected
material (78). This can be an advantage in certain applications, and
indeed, the greater quantity of ejected material is probably
responsible for the higher ion yields of very large biomolecules
in IR-MALDI. However, there is another way to capitalize on the
large volume of neutrals ejected by an IR laser. In the following
example, we use two lasers, an IR laser to ablate a substantial
quantity of material without electronically exciting it, and then
at an appropriate time in the expansion of the ablation plume,
a UV laser to ionize the matrix molecules and thereby enhance
the fraction of ions that enter the mass spectrometer. By setting
the delay between the IR and UV laser pulses, it is possible
to maximize the probability of charge transfer in the laser
plume while minimizing the probability of subsequent colli-
sional neutralization.

Figure 18 shows three MALDI mass spectra of immunoglobulin
G (IgG, mass 166 kDa) in sinapinic acid. The UV (N,, 337 nm)
and IR (FEL, 5.9 pm) laser fluences were set to just above
threshold, resulting in the spectra shown in the two lower traces
(intensities have been increased 10X for these spectra). When both
lasers were used, and the UV laser was delayed from 0 to 500 ns
relative to the IR laser, the signal-to-noise ratio is enhanced by
a factor of up to 50. The spectrum shown in the upper trace of Fig.
18 was taken with a 190-ns delay of the UV laser relative to the IR
laser. The resulting two-color spectrum has many of the qualities of
an IR-MALDI mass spectrum: multiply charged monomers and
oligomers of the analyte are observed without peak broadening to
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Figure 18. IR-MALDI mass spectra of a sample containing IgG (mass 150
kDa) ions in a 2,5-DHB matrix at an FEL wavelength set to 2.9 um. The
starting material is identical in each case. From bottom to top: Mass
spectrum with a nitrogen laser (337 nm); mass spectrum with the FEL set to
2.94 um; mass spectrum with the FEL set to 2.94 pm and the nitrogen laser
at 337 nm. Delay between FEL and nitrogen laser pulses was set to 190 ns.
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the low-mass side seen in UV-MALDI that indicates fragmentation
(79). At the same time, these spectra exhibit the shot-to-shot
reproducibility associated with UV-MALDI. The ability to
independently vary fluences, delay times and the mass spectrom-
eter ion optics also provides a means of analyzing separately the
ablation and ionization processes thus opening new windows onto
the mechanisms of ion formation in MALDI (80).

Mass spectrometry of complex environmental materials

The tunability of the FEL makes it possible to adapt MALDI-MS
procedures to identify metal-ligand complexes in poorly charac-
terized or contaminated samples. Small metal-organic molecules
and especially carboxylic—alkali complexes are important in
biological processes (81) such as cation transport through
membranes (82,83); interface physics and chemistry (84); and
mass spectrometry (85-87). In fact, metal ions are sometimes
added to compounds containing no acidic or basic groups such as
polymers (88) and carbohydrates (89) to increase ion yield.
However, alkali atoms such as potassium and sodium—ubiquitous
especially in biological systems—tend to suppress positive ion
signals in MALDI (90,91) and by forming multiple alkali adduct
peaks, reduce signal-to-noise ratio and broaden spectral lines
(92,93).

One of many current challenges in environmental mass
spectrometry is posed by hundreds of millions of liters of mixed
chemical, radioactive and flammable wastes stored primarily in
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Figure 19. IR-MALDI mass spectrum of a tank waste simulant mixture
containing HEDTA, EDTA, succinic, citric, glycolic and oxalic acids in the
proportions described in the text. The mass peaks are clearly identified
including those with sodium adducts. Sodium ion and sodium-ion cluster
peaks have been deleted from the spectrum for clarity.

enormous carbon-steel, underground tanks at U.S. Department of
Energy sites. Large quantities of chelants—including ethylenedia-
minetetraacetic acid (EDTA), hydroxyethyl ethylenediamine
triacetic acid (HEDTA) and citric acid, nitrates and nitrites were
originally added to the hazardous waste products to reduce acidity
and preserve tank integrity. However, the long storage time has
resulted in leaks in the tanks. Moreover, in the evolving tank
environment, condensed-phase reactions between these organic
chelators (fuel) and nitrate/nitrite salts (oxidizers) could lead to
explosive release of radionuclides and toxic materials to the
environment (94).

Fortunately, as the tank waste ages, chemical and radiolytic
degradation of the chelators into smaller compounds reduces the
organic fraction available as fuel. Hence, the relative abundance of
organics in the tank wastes indicates the extent of degradation,
making quantitative analysis a critical priority. Mass spectrometric
analysis improves the speed and accuracy of the risk assessment
required before waste treatment or relocation. However, the harsh
chemical and radioactive environment and presence of large
amounts of sodium complicates MALDI-MS analyses of the
organic content. Unlike previous MALDI studies of tank waste
simulants using exogenous matrices (90,95), we used sodium
nitrate, an intrinsic component of the waste composite, as the
matrix and tuned the FEL to match one of its vibrational absorption
modes. This eliminated the need for an exogenous matrix whose
mass signature might obscure the relatively low-mass analyte ions
as well as complicate matrix-analyte chemistry in UV-MALDI
(96,97).

With IR-MALDI, tuning the laser to the v,—v4 C=0 stretching
vibration of the sodium nitrate at 7.1 pm, it was possible to identify
all of the organic species in tank waste simulants as shown in Fig.
19 (96). In addition, the studies showed that the ion spectra are
strongly dependent on the specific ablation wavelength used to
cause ablation; the ions are formed by gas-phase collisional
processes; and the memory of any cation complexes characteristic
of the solid state is lost. Because of the simple structures of the

molecules involved, it was even possible to make reasonable
conjectures about the specific binding sites of the sodium ions and
the effect of ionization on the structure of the ion complexes
observed, conclusions qualitatively confirmed by computational
modeling. Importantly, because the initial laser excitation targeted
only specific vibrational modes, these conclusions about the
ionization mechanism remove the ambiguities that arise from laser-
induced photochemistry during ablation and MALDI with fixed-
frequency UV lasers.

IR matrix-assisted pulsed laser evaporation of nucleotides

The two-laser MALDI experiment discussed above provides
compelling evidence for the copious ejection of intact, neutral
biomolecules by the Mark-IIl FEL. This suggests a novel
deposition technique for transferring intact biomolecules in the
gas phase: IR matrix-assisted pulsed-laser evaporation (IR-
MAPLE). IR-MAPLE is closely related, of course, to IR-MALDI;
the emphasis in IR-MAPLE, however, is on generating gas-phase
biomolecular and other organic ions so that they can be deposited
on surfaces such as cantilever sensor structures.

In the common techniques for growing thin films of
inorganics—such as pulsed-laser deposition (PLD), molecular
beam epitaxy (MBE), physical and chemical vapor deposition
(PVD, CVD)—a stream of energetic atoms or molecules is
deposited on a clean surface under high-vacuum or ultrahigh-
vacuum (UHV) conditions. To avoid thermal damage, thin films of
organic or polymeric materials are instead deposited by solvent-
based techniques such as solution casting, dip coating, spin coating
and aerosol transfer. Higher densities of certain materials can be
attached to certain metal surfaces, such as gold, by self-assembly
(98); however, it is often difficult to effectively coat micro-
electromechanical device structures by such means (99).

A number of applications, ranging from sensors to optoelec-
tronics, would benefit from a vacuum-deposition technique for
organic macromolecules. We have drawn on the same reservoir of
biologically benign matrix materials that selectively absorb mid-IR
radiation to develop an analog to UV-MAPLE (100) that avoids
both the complex photochemistry and the freezing of the
biomolecules in highly aromatic matrices. In one early experiment
(101), a solution of a standard biotinylated-protein mixture (Bio-
Rad, Hercules, CA, Catalog Number 161-0319) in water, including
bovine serum albumin (BSA, mass ~166 kDa), was frozen in
liquid nitrogen before insertion into the vacuum chamber. A thin
film of the labeled BSA was transferred by resonant-laser
evaporation of the ice at 2.94 um onto a nitrocellulose-coated
glass slide through a gold shadow mask. After deposition, the
slide was washed with a blocking protein and then tagged with a
site-specific fluorescent streptavidin label. Images of the fluores-
cence from the structured film indicated successful transfer and
preservation of the site-selective biological activity in the deposi-
ted proteins.

DNA can also be effectively transferred to a metal, semi-
conductor or insulator substrate by the IR-MAPLE technique as
summarized in Fig. 20. Frozen solutions of two different kinds of
DNA in water ice were used as the target, which was subsequently
irradiated by 2.94-um light from the FEL, corresponding to the O—
H stretch vibration of water. Electrophoresis of the transferred
material indicated that the DNA underwent virtually no fragmen-
tation in the regime of moderate macropulse doses. Interestingly,
however, it proved impossible to transfer DNA successfully using



an erbium yttrium-aluminum-garnet (Er:YAG) laser at similar
fluence levels, possibly indicating a role for ultrashort pulse
duration—i.e. high intensity but low fluence—in the ablation
process. This intensity dependence suggests that the denaturation
of the DNA is a direct result of the thermal loading experienced
during the laser-induced transfer process using nanosecond pulses.
In that sense, the energy budget is a sensitive thermometer for the
transport mechanism.

The transport of the globular salmon-sperm DNA is not
a particularly severe test of the IR-MAPLE technique because it
has a rather broad mass distribution and is somewhat insensitive to
fragmentation during ablation. The second electrophoresis trace is
thus the more interesting one, showing the successful IR-MAPLE
transfer of pBluescript DNA, which has two distinct forms: one
a circular DNA fragment, the other supercoiled. (It is a standard
used by molecular biologists as a calibration marker.) In the lower
panel of Fig. 20, the bands of the sample as received and the
sample from the transferred film are shown. The fact that the mass
distributions are identical indicates that the DNA has been
transferred intact from the ice matrix to the film plate. To test for
functionality, a fluorescent protein that can be expressed by the
DNA would have to be used following deposition.

This result demonstrates the potential for thickness-controlled,
conformal transfer of nucleic acids and proteins to microstructured
or even nanostructured sensors for use in biological and chemical
detection schemes, in much the same way as functionalized
polymers have already been transferred by resonant-IR pulsed-laser
deposition (102).

Summary of Mark-III FEL materials analysis and
processing applications

These three examples illustrate the power of the Mark-III FEL as
a tool in the analysis and processing of organic materials. Indeed,
particularly in the second case, the FEL is the paradigmatic
example of a materials-processing regime first described theoret-
ically a few years ago (103) and so far realized in practice only
with the Mark-III FEL. It remains to be seen whether or not solid-
state laser systems can duplicate the combination of high peak and
average powers, high intensity and low fluence seen in operating
FELs. Picosecond and femtosecond optical parametric amplifier
systems can produce tunable, mid-IR micropulses with energies
comparable to those of the Mark-III FEL; however, at present kHz
repetition frequencies, such lasers do not have the average power
needed for materials processing. Nevertheless, ultrasensitive mass
spectrometry with these lasers is a definite possibility at present.
Moreover, with schemes already in the breadboard stage for solid-
state lasers that can reach into the mid-IR, the possibility of
tabletop laser materials processing and analysis in the mid-IR may
well be realized in a few years (104).

BIOPHYSICAL AND BIOMEDICAL
RESEARCH USING AN IR MARK-IIl FEL

The ablative properties of the Mark-III FEL have biomedical
applications in addition to the analytical and processing applica-
tions described in the previous section. A series of biophysical
experiments first demonstrated that tuning to wavelengths near
6.45 pum results in in vitro tissue ablation with minimal and, at
times, undetectable collateral damage in neural tissues (105).
Similar in vitro results were seen for ocular and dermal tissues. The
surgical advantage of such laser incisions was apparent and
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Figure 20. Electrophoresis traces of nucleotides deposited by IR-MAPLE
from a water—ice matrix. Top trace, top to bottom, salmon-sperm DNA,
marker shows range from 500 to 1200 base pairs; control trace using
nonlaser-deposited DNA; trace of IR-MAPLE—deposited material at an
FEL wavelength of 2.9 pm, macropulse energy 5 mJ; trace of IR-MAPLE—
deposited material at the same wavelength but with macropulse energy 15
mJ. Note the complete absence of an electrophoresis band in the range of
masses appropriate to salmon-sperm DNA. Bottom trace, top to bottom,
IR-MAPLE—deposited film of pBluescript II sk(+) DNA at FEL wave-
length of 2.9 um; electrophoresis trace of pBluescript starting material.
Reprinted with permission from reference 101.

motivated additional research to explore the possibility of bringing
this FEL-based capability to human surgical care. This required (1)
an extensive series of in vivo animal studies to confirm that the
advantageous ablation results still held; (2) the construction of
human surgical suites within access to a Mark-IIl FEL; (3) the
upgrade of the FEL to meet the reliability and performance
requirements of a medical laser; (4) the development of beam-
delivery systems for human surgery; and (5) regulatory approval.
In vivo animal experiments confirmed previous in vitro results, and
the research progressed to successful human surgery. A review of
the biophysical, biomedical and bioengineering research that
supported successful human surgical applications as well as the
upgrade of the Mark-IIl FEL to qualify as a medical laser for
human surgery have been published recently (69,106). We review
parallel research questions related to the mechanism governing IR
tissue ablation, the application of these results to specify the
operating parameters for a surgical laser based on conventional
laser technology and briefly summarize surgical applications.

Photophysical mechanisms

FEL tissue ablation takes advantage of the specificity of the mid-IR
“fingerprint region’ of the vibrational spectrum (105). The
spectral features in the 2 to 10 pm regime can be measured in
the condensed phase at native hydration with FTIR spectroscopy as
shown in Fig. 21. The spectral features correspond to localized
vibrations. Many soft tissues are well approximated as ~75%
water and ~25% nonaqueous components. Water in the condensed
phase can absorb IR radiation via the bending mode near 6.1 pm
and many proteins can absorb IR radiation via the amide I and
amide II vibrational modes centered at 6.00 pm (1665 cm™) and
6.45 pum (1550 cm™) , respectively. These three spectral features
form a partially resolved band where each is likely to be subject to
inhomogeneous line broadening. The Mark-III FEL is tunable from
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Figure 21. Relative ablation yield (circles) and collateral damage (squares)
plotted against the Fourier-transform infrared spectrum of corneal stroma
taken with an attenuated total reflectance sample cell. Spectral curve fitting
results are displayed in the inset. Reprinted with permission from reference
105.

2-10 pm and as such can be tuned within this unresolved band to
excite simultaneously both the vibrational modes of protein and the
bending mode of tissue water. In addition, the high average power
of the Mark-II FEL results in substantial ablation rates.
Interestingly, the eigenfrequencies for these three modes are
relatively insensitive to the type of soft tissue, and this strategy for
simultaneously targeting protein and water with wavelengths near
6.45 pm radiation applies to soft tissues in general.

The mechanism responsible for the advantageous ablative
properties of the Mark-III FEL has been investigated in terms of
pulse structure in addition to wavelength. The Mark-III FEL has
a complex pulse structure with high peak power in addition to high
average power. A micropulse is about a picosecond in duration
with tens of microjoules in energy. A burst of tens of thousands of
micropulses, at a repetition rate of 3 GHz, comprises a macropulse.
The duration of the macropulse is about 5 ps with a total energy of
tens of millijoules. The repetition rate of the macropulse can be up
to 30 Hz. A series of investigations were carried out to determine
the role of these pulse parameters in mid-IR tissue ablation.
Importantly, a single Mark-III FEL macropulse can ablate tissue,
reducing the investigation to picosecond, 350 ps and 2-6 ps
content. Experiments demonstrate that ablation is not solely
attributable to picosecond pulses so dynamics at longer timescales
were considered. There is considerable experimental and theoret-
ical evidence that the critical dynamics occur on the 1 to 10 ns
timescales (107,108). The theoretical model is based on thermo-
dynamics and chemical kinetics as applied to corneal stroma where
the protein is predominantly collagen. According to this model, the
absorption of 6.45-pum radiation heats the tissue water near the air—
tissue interface to many hundreds of degrees in several nano-
seconds due to the high average power of the FEL, as summarized
in Fig. 22. At this heating rate, the outer saline layer reaches the
superheat limit and then explosively vaporizes. Simultaneously,
6.45 pm radiation heats the collagen, driving the collagen—gelatin
transition. Whereas collagen is ductile, denatured gelatin is brittle.
Apparently the key to the ablative mechanism is differential

T (°C)
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Figure 22. Thermal response to a pulse train. Surface layers exposed to A:
3.00 um and B: 6.45 pm radiation. Layers 200 nm below the surface
exposed to A’: 3.00 pm and B’: 6.45 pm radiation. In addition, the
temperature response due to the Mark-III FEL pulse structure, protein
(solid) and water (dotted), is compared with a 16.2-ns pulse with the same
average energy, protein (dashed) and water (dot dash). The initial tem-
perature was 25°C. Reprinted with permission from reference 107.

heating rates for the protein and water leading to brittle fracture at
the onset of explosive vaporization, which results in the
confinement of collateral tissue damage. The extent that the
ductilebrittle transition precedes vaporization or vice versa
depends on wavelength and determines whether there is an onset
of significant collateral damage. The model was tested successfully
with experimental observations at 6.45 pm and 3.00 pm, where in
the latter case the absorption is dominated by the OH-stretch mode
of water. The model attributes a significantly larger fraction of
collagen denaturation at 6.45 pm relative to 3.00 um, consistent
with the experimental observation (105,109).

This theoretical analysis can also assess the consequences of
varying the pulse structure and predicts how to relax the complex
pulse structure of the Mark-III FEL and still maintain the experi-
mentally observed preferential ablative properties (107,108). The
dynamics for the ablative mechanism are the result of the
thermodynamics and chemical kinetics of tissue and not imposed
on the tissue by the pulse structure of the FEL. The differential
heating rates must have the following characteristics: the rate must be
fast enough to superheat the tissue water and the differential heating
rates must drive a temperature separation between protein and tissue
water, as observed in Fig. 22B, such that brittle fracture characterizes
the onset of explosive vaporization. This analysis leads to the
prediction that the micropulse duration can be extended from
picoseconds to tens of nanoseconds and, as long as the average power
is maintained, this should lead to similar ablative results.

Human surgical applications

The applications of the FEL to human neurosurgery and
ophthalmic surgery were safe and successful (106,109,110). In



the neurosurgical cases, the tumors were exposed and the IR beam
was delivered though a handheld wand. In the ophthalmic cases,
the IR beam was delivered endoscopically through a 250 pm
hollow waveguide, and surgery was performed on the optic nerve
sheath. Currently, biomedical scientists are investigating FEL-
based treatments for epilepsy and nerve repair following trauma.

The Mark-III FEL occupies a niche among medical lasers. The
visible argon-ion laser can be transmitted through the structures of
the eye and has been used to treat ocular tissues but is not effective
at ablating tissue. The UV excimer is in routine use to ablate
cornea; however, concerns about untoward side effects of UV
photochemistry have restricted the application of UV lasers to
nonnucleated tissues. The IR carbon dioxide (CO,) laser also is
in routine medical use, where a veneer of collateral damage can
be advantageous to control bleeding. Many potential laser medi-
cal applications, however, are precluded by this zone of collat-
eral damage.

The promise of IR laser tissue ablation lies in eloquent surgery
near vital structures. Neurosurgical image-guided systems currently
offer submillimeter accuracy, and automated laser systems for
tissue resection are under active consideration by the neurosurgical
community. Endoscopic laser delivery and diagnostic techniques
along with image-guided systems (106) are particularly promising.
Acceptance by the greater medical community, however, likely
will necessitate more compact lasers that require fewer resources.

Current and future research

The relaxation of the micropulse duration from picoseconds to tens
of nanoseconds admits several conventional laser technologies as
potential IR medical lasers. The Mark-III FEL produces both high
peak and high average power via a complex pulse structure that has
not been reproduced by conventional lasers. However, a 10 ns laser
with average power comparable to that of the Mark-III FEL and
operating near 6.45 um should be attainable using conventional
laser technology.

Fracture due to substantial heating rates and at extreme temper-
atures is poorly understood. At the core of the dynamic model for IR
tissue ablation is the ductile—brittle transition for protein. Collagen is
alarge, triple-helical molecule that clearly cannot fully denature into
a random coil in tens of nanoseconds. Additional research, e.g.
exploring the analogy between the superheating of water and the
onset of polymer fracture or the fracture of interpolymer linkages, is
necessary to understand the onset of brittle fracture at these short
timescales in localized regions of tissue.

Summary of Mark-III FEL surgical applications

Surgical applications of the FEL rely on the inhomogeneous
buildup of heat that supports a controlled degradation of material.
High peak power, high average power and ease of tuning the
wavelength of the Mark-III FEL were key to this research.
Analogous control of degradative processes, i.e. an exceptionally
gentle ablative mechanism, characterizes the mass spectrometry
research summarized in the previous section.

UV FEL PHOTOEMISSION ELECTRON
MICROSCOPY FOR NANOSCALE DYNAMICS

Real-time imaging of nanoscale dynamical processes with the ability
to measure the electronic properties of surface structures with
nanoscale resolution is an essential capability for nanotechnology.
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The technique of photoemission electron microscopy (PEEM),
which involves imaging photoelectrons excited from a sample
surface, exhibits just these desired capabilities. The photoelectric
effect requires intense excitation with light with photon energies
near the threshold for photoemission, which is between 3—7 eV for
most materials. The OK-4 storage ring FEL at Duke University is
an ideal excitation source for this application (111).

The UV FEL provides two modes of operation: spontaneous
emission and coherent lasing mode. The spontaneous radiation is
continuously tunable from 4 to 7 eV, has a linewidth of <0.1 eV
and delivers an average power of >3 mW to the microscope. The
lasing mode is tunable over a range of 3.0 to 6.3 eV, depending on
the installed cavity mirrors. For any set of mirrors, the tuning range
(AEJE) is approximately *=8% of the central energy. The lasing
mode, with an average power of >15 mW and a linewidth of
~0.01 eV, is particularly appropriate for PEEM measurements of
electronic properties of nanostructures. High surface sensitivity is
achieved because the photoelectrons originate from electronic
states near the surface. The system employed in our studies is
a custom-designed third-generation PEEM obtained from Elmitech
(Rungis, France). Shown in Fig. 23 are excitations that are
important for this research. It is evident that through appropriate
choice of photon energies (1) metallic regions on the surface can be
identified; (2) semiconductors with different band gaps or strain
can be distinguished; (3) regions with a high density of surface
states can be imaged; and (4) many processes, which change
surface work function or electron affinity, can be monitored.
Therefore, by tuning the FEL to the appropriate wavelength, the
PEEM images can be tuned for maximum contrast of the specific
nanostructures on the surface. Moreover, the excited electrons have
a small energy spread enabling imaging at the limits of the electron
optics (i.e. <10 nm resolution).

Here we summarize three examples of applications of the UV-
FEL PEEM. The first example presents results of nanostructure
growth processes on Si surfaces where a new phenomenon was ob-
served that was not anticipated in the extensive theoretical treatments
on growth dynamics (112). The second example presents results of
a study of the electronic properties of gallium nitride (GaN), which is
a polar semiconducting material, surfaces (113). This research
established a fundamental difference of the electronic band structure
that is strongly influenced by the surface termination and the crystal
polarity. The third example is a study of the electronic properties of
individual melanosomes, an important biomolecule (114). This
study of biological materials presents insight into the relation of
chemical reactivity and melanosome type.

Dynamics of nanoscale island formation

In the ever-evolving science of microelectronics, the size of
electronic devices is constantly decreasing. At present, Si-based
metal-oxide-semiconductor (MOS) transistors are the device
elements for the existing technology, which is based on
lithographic patterning. The reduction in device dimension brings
with it new challenges in nanometer-scale material processing and
also opportunities for novel device structures. The evolution and
subsequent coarsening of island structures on a surface are of
crucial importance for controlling the fabrication of novel
nanometer-scale structures and for fundamental understanding of
thin-film growth processes (115). Moreover, self-assembly or self-
organization of nanoislands and nanowires is a bottom-up
approach that may replace some traditional (top down) lithographic
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Figure 23. a: A schematic of the photo excitations from the surfaces of
interest. The arrows indicate the photon energy to excite an electron above
the vacuum level (E,,.). From the left to right the arrows represent
excitation from the unstrained valence band maximum (VB,,,y), the strained
VB* ax, surface states (SS) and a metallic region on the surface. b: The
spectral output of the FEL in spontaneous emission and lasing mode with
output centered at a photon energy of 5.0 eV.

steps. Nanoislands have demonstrated single electron effects where
the coulomb potential due to a single extra electron can strongly
suppress the current through the nanoisland (termed the ‘‘coulomb
blockade’), and nanowires may exhibit ballistic transport and
chemical sensitivity.

Titanium silicide formation can occur through a solid-state
reaction of Ti on a Si surface. According to the binary phase
diagram, titanium silicide (TiSi,) is in chemical equilibrium with Si
up to the melting point of Si. Research has established that TiSi,
nanoislands are epitaxial with the Si substrate, indicating that strain
can play a role in the energetics.

Island coarsening on surfaces involves the dynamics of material
transfer and the kinetics of island growth. In an evolving surface,
initially nucleated islands grow through the interactions between
the islands (116,117). In postdeposition conditions, where no
additional material is being deposited, Ostwald ripening (OR) is
considered the primary coarsening mechanism for island growth
(116,117). In OR, immobile larger islands grow at the expense of
smaller islands through atom exchange between the islands. The
driving force for OR is the adatom concentration difference
between islands of different size (118,119). In contrast, we have
observed distinctive island migration and coalescence for TiSi,
epitaxial islands on Si surfaces: the coalescence of islands was not
the result of random island motion but the result of directed island
migration toward each other. As shown in Fig. 24, two TiSi,
islands move attractively and subsequently coalesce during a time
span of approximately 8 min at 1150°C (112). We note that
observation of this type of an interaction is only possible with in
situ real-time imaging.

Our proposed mechanism for attractive migration and coalescence
is the growth—decay flow of the island edges because of a nonuniform
concentration of drifting adatoms around the island (112). A
dynamic equilibrium will be established between the islands and
the diffusing surface atoms, and the net flux of atoms diffusing at the
edges of an island will depend on the surrounding environment of the
island. As a result, when two islands of similar size are formed in
relative proximity to one other, a nonuniform concentration develops
around each island, and the inner-facing edges have a higher
probability of capturing adatoms emitted from each island than the
outer-facing edges. The facing edges of the islands will grow through
adsorption of Ti flux between the islands whereas the outer bound-
aries will shrink via Ti out-diffusion. The spontaneous growth—
decay flow of the island edges leads to movement of the island’s
center of mass toward each other and subsequent coalescence.

BN

Figure 24. A time sequence of PEEM images of a pair of TiSi, islands
obtained with the sample at 1150°C: for a: 0 min, b: 4 min, ¢: 6 min, and d:
8 min, respectively. Images are 2 pm X 2 um. Reprinted with permission
from reference 112.

Electronic states of polar GaN surfaces

Optoelectronic devices based on wide bandgap GaN materials have
led to high-power light emitting diodes with blue wavelength,
which are now widely evident in large bright displays, signal lights
and signs and potentially solid-state lighting. In our PEEM studies,
a GaN film with laterally patterned Ga- and N-face polarities was
explored (113). Wurtzite GaN has a spontaneous polarization
where the polar axis is parallel to the c-direction of the crystal
lattice. The orientation of the spontaneous polarization and the
induced bound charges are determined by the film polarity (Ga or
N-face). The Ga-face surface exhibits a negative bound charge, and
the N-face surface exhibits a positive bound charge. The screening
of these bound charges gives rise to surface band bending. We
have established how these effects are manifested in PEEM images
of GaN films with different local polarities.

A GaN film with laterally patterned Ga- and N-face polarities
was fabricated using plasma-induced molecular beam epitaxy
(PIMBE) (120). To explore the electronic properties of the
different regions, we obtained PEEM images with photon energies
from 4.5 to 6.3 eV in steps of 0.1 eV (Fig. 25). For photon energies
below 4.8 eV, contrast between the two regions was not detected
(Fig. 25a). However, for photon energies greater than 4.9 eV,
emission from the N-face regions was observed, which led to
a distinct emission contrast between the two domains (Fig. 25b).
As the photon energy was increased from 4.8 eV, the emission
from the N-face regions also increased leading to enhanced
contrast (Fig. 25¢). However, at 6.3 eV, the emission from the Ga-
face region became more significant, and the emission contrast was
relatively reduced (Fig. 25d). From these results, we can deduce
that the photothreshold of the N-face region is less than ~4.9 eV
whereas that of the Ga-face regions is greater than 6.3 eV.

To explain the much lower photothreshold at the N-face surface,
we considered the effect of the polarity on the band structure at
each surface. In n-type GaN, the energy-band diagrams for the Ga-
and N-face surfaces are illustrated in Fig. 26. The bulk Fermi-level
position of our GaN film was estimated to be ~0.05 eV below the
conduction band edge for both Ga- and N-face regions. For the Ga-
face region, the spontaneous polarization (—0.034 C/m?) points
from the surface to the substrate, inducing a negative bound charge
at the GaN surface (o/e = —2.12 X10"* cm™?). The negative bound
charge at the surface is screened by the positively ionized donors
close to the surface. This leads to upward band bending and
a depletion region at the Ga-face surface (Fig. 26a). In contrast,
downward band bending should occur at the N-face surface
because of the opposite direction of the spontaneous polarization.
The positive bound surface charge gives rise to a free electron
accumulation layer at the N-face surface, fixing the Fermi level
close to the conduction band edge. This accumulation layer leads to
a slight downward bending of the conduction band edge at the N-
face surface (Fig. 26b).



Figure 25. PEEM images a clean GaN lateral-polarity heterostructure. The
Ga- and N-face regions are indicated and images were obtained with photon
energies of a:4.8eV,b:4.9eV,c:5.6eV,and d: 6.3 eV, respectively. The field
of view is 150 pm. Reprinted with permission from reference 113.

We suggest that the surface band bending gives rise to a variation
in the photothreshold at the different polar surfaces. For upward
band bending of the Ga-face region, the photothreshold at the
surface is ys + E, (Fig. 26a), and the electrons are photoemitted
from the valence band edge for a photon energy greater than ys +
E,. On the other hand, for downward band bending of the N-face
region, an electron accumulation layer results because the
conduction band minimum is slightly below the Fermi level. As
a result, the electrons in the accumulation layer can be photo-
emitted from the conduction band, and the photothreshold at the
surface would be essentially the electron affinity (Fig. 26b). Thus,
the relatively bright intensity at the N-face regions is attributed to
electron emission from the conduction band because of downward
band bending. Therefore, the polarity-dependent photothreshold
causes a photoelectric yield difference between the Ga- and N-face
regions and leads to the polarity contrast in the PEEM images of
the GaN film (113).

Photoionization threshold of melanosomes

In studying biological samples, PEEM can be applied in two
different yet complementary ways. First, PEEM can be used solely
for imaging to obtain high contrast between features of interest in
the image. PEEM imaging was applied to biological samples as
early as 1972 (121). Since then, viruses and DNA (122), eukaryotic
cells (123), cultured cancer cells (124) and cytoskeletons (125)
have been studied. Because PEEM is a UHV technique, the
samples must be fixed, and little if any water remains. Second,
quantitative information on the electronic properties of the sample
can be obtained. Photoemission quantum yield of several classes of
biomolecules have been explored using PEEM (126,127). With
a tunable light source, threshold photoionization energies can be
determined. In the case in which the biological sample contains
a rich spatial structure, it is possible that the threshold ionization
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Figure 26. Energy band diagrams for a: Ga-face, and b: N-face GaN. The
quantities y, ¢, and Ey, are the surface electron affinity, work function, and
photothreshold, respectively. The arrows represent the directions of

spontaneous polarization, Py, and the internal electric field E. Reprinted
with permission from reference 113.
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energy differs for the various constituents, and therefore,
wavelength-dependent PEEM images will provide both imaging
information as well as variation in the chemical properties
(ionization potential) within the imaged region.

We have used PEEM to study unstained human eumelanosomes
isolated from black hair and bovine eye retinal pigment epithelium
(RPE) (114). Eumelanosomes are responsible for tissue pigment
and in the RPE, eumelanosomes mitigate oxidative stress. It has
been proposed that eumelanosomes serve a protective role and are
involved with the onset of disease in neural tissues. Eumelano-
somes do not require any fixation, dehydration, freezing or staining
to study by electron microscopy (128). Films were prepared by
spreading the suspension of extracted eumelanosomes in nano-
pure water over the freshly cleaned Si-wafer surface and air-drying
for <1 h.

PEEM images of assemblies of eumelanosomes were obtained at
a field of view of 150 um, and single eumelanosomes were imaged
at a field of view of 5 or 1.5 pm. The FEL spot size on the sample
was ~30 X 100 pm. The images were digitally acquired and
a procedure to determine the integrated emission intensity S(A) was
developed. The procedure involved acquiring a histogram of the
intensity for the relevant sections of each image, assuring that the
image was not saturated and accounting for the laser power and
the experimental and software gain settings of the image system.

The wavelength-dependent data reveal the relative photoioniza-
tion quantum yield and the Fowler equation can be used to
calculate the threshold photoionization potential (129):

S = C(hv — @) (3)

where C is a constant that depends on the particular material, ® is
the threshold photoionization potential and /v is the photon
energy. If a plot of S(A)'/? as a function of v is linear, then the
threshold photoionization potential @ is obtained by determining
the value of v where S(A)"> — 0.

Single melanosomes as well as aggregates were observed. Hair
eumelanosomes tend to aggregate more upon drying than the
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Figure 27. PEEM image of a single bovine eye melanosome: field of
view = 1.5 pm, iv = 240 nm. The black spots are the result of damaged
areas of the image intensifier (114).

bovine RPE melanosomes. Figure 27 shows a PEEM image of
a single bovine eye melanosome at a field of view of 1.5 pum,
demonstrating that high-resolution images of single melanosomes
can be obtained. The elongated shape with aspect ratio of about 3 is
well visualized. The dark strip parallel to the long axis of the
eumelanosome is attributed to a shadowing effect in PEEM.

To collect sufficient PEEM signals to carry out the determination
of the threshold photoionization potential, an aggregate of
eumelanosomes was imaged, and the S(A) for the total image
was determined. These studies were restricted to the black-hair
eumelanosomes. The wavelength-dependent threshold photoelec-
tron spectrum using the full tuning range of the FEL is shown in
Fig. 28. The S()'? shows an essentially linear dependence on hv,
and extrapolating to O gives a threshold photoionization potential
of ~4.6 £ 0.2 eV. Various aggregates of eumelanosomes were
examined, and the results were independent of the particular
aggregate studied. Considering effects because of roughness, the
observed value of threshold photoionization could be reduced by
~300 meV.

In the FEL-PEEM experiment, the melanosomes are photo-
ionized under vacuum, and thus the photoionization potential is
referenced to the vacuum level. The potential of an electron at rest
in vacuum corresponds to —4.44 V versus the normal hydrogen
electrode (NHE) (130). Therefore, we can deduce the oxidation
potential of eumelanosomes versus the NHE as ~ —0.2 V.
Moreover, electrochemical oxidation of 5,6-dihydroxyindole-
melanin and voltammetric measurements of synthetic dopamine
melanin provided results in reasonable agreement with that
determined in the present study for intact eumelanosome (131,132).

Current and future enhancements of UV-FEL PEEM

The OK-4 optical klystron of the current storage-ring FEL at Duke
University is to be replaced by the OK-5 optical klystron, to be
summarized in the following section. The OK-5 will deliver both
linear and circular polarizations, where the OK-4 produced only
linear polarization, and extend UV operation to 150 nm and shorter
wavelengths. The tunable and selectively polarizable OK-5 FEL
will provide novel contrast mechanisms for future PEEM
investigations.

Summary of UV FEL PEEM applications

The results summarized here demonstrate the significant accom-
plishments and the potential of the UV-FEL PEEM for nanoscale

(Integrated Image Brightness Y)'"*, a.u.
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Figure 28. Square root of the brightness of the PEEM image '/ of black
human hair melanosomes plotted as a function of excitation wavelength.
Extrapolation of S = 0 gives a value for the threshold photo
ionization potential of ~4.6 = 0.2 eV (114).

characterization of materials and nanoscale phenomena. The
PEEM technique has the unique capability of real-time imaging
over a wide range of conditions, and the tunable 3-7 eV UV FEL
excitation allows spectroscopic imaging of individual metallic,
semiconducting and biological nanostructures and the phenomena
that involve these nanostructures.

FEL DEVELOPMENT AND POTENTIAL
FOR APPLICATIONS RESEARCH

FEL light-source development continues throughout the spectrum
(3-14). The Duke storage-ring FEL is an example of an FEL
development project that in the near term promises novel light-
source capabilities for applications research in the biological and
material sciences. In the recent past, the optical klystron (OK-4)
storage-ring FEL has produced UV light and via intracavity
Compton backscattering has also produced gamma rays (133,134).
The wavelengths of the UV photons and the gamma rays are
tunable, determined by the energy of the stored electron beam and
the properties of the magnetic fields produced by the optical
klystrons. By 2006, the helical OK-5 will completely replace the
linear OK-4 as shown in Fig. 29. The OK-5 storage-ring FEL will
deliver circular, elliptical or linearly polarized light, where the OK-
4 storage-ring FEL produced only linear polarization. The OK-5
storage-ring FEL is expected to extend UV operation from the
current 193 nm produced with the OK-4 to 150 nm and shorter
wavelengths. The OK-5 storage-ring FEL will extend the gamma
ray range from the 60 MeV produced with the OK-4 to as high as
160 MeV.

The OK-5 storage-ring FEL will provide selectively polarizable
UV light to the PEEM, summarized in the previous section,
accessing novel contrast mechanisms. In addition, two time-
resolved spectroscopic beamlines are in development for UV
applications research. One two-color technique uses the storage-
ring FEL as a pulsed UV source to excite electronic transitions and
the downstream bending magnet as a broadband IR source to
monitor the vibrational spectrum during the subsequent relaxation
processes (135). The second time-resolved technique supports
investigations based on UV-resonant Raman spectroscopy and
photoluminescence measurements. In both cases, the tunable and
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Figure 29. Schematic of the OK-5 storage-ring FEL. Four distributed optical klystrons of the OK-5 are shown in the lower-right straight section. Figure

produced by Matthew Busch.

selectively polarizable OK-5 storage-ring FEL will allow novel
access to previously disallowed quantum transitions in the UV.
The nuclear physics community also has strong interests in the
OK-5 storage ring FEL (14), which similarly will provide novel
access to previously disallowed quantum transitions in the gamma
ray regime.

The accelerator physics community has substantial interest in X-
ray FELs that operate by the process of self-amplified spontaneous
emission (SASE) (136,137). The successful demonstration of the
SASE process in the IR, vis and UV regimes paves the way for the
march to X-rays (138-142). X-ray SASE FEL development is
a national laboratory-scale project and there is substantial interest
worldwide including the TeV-energy superconducting linear
accelerator (TESLA) at Deutsches Elektronen-Synchrotron
(DESY, Hamburg, Germany) and the linac coherent light source
(LCLS) at the Stanford Linear Accelerator Center (Menlo Park,
CA) (143,144). Potential applications enabled by tunable, ultrashort
X-rays with extremely high flux are quite intriguing (145).

CONCLUDING REMARKS

We have presented representative examples of FEL applications
research in the biological and biomedical sciences and condensed
matter and material research. THz, IR and UV FEL have been
essential for pioneering physical techniques, including vibrational
photon-echo spectroscopy, IR-REMPE, IR and two-color MALDI,
IR-MAPLE, and UV-PEEM. FEL applications research has led to

advances in electro-optics; coherent quantum control; photon-
assisted transport; material and device physics; dynamical pro-
cesses in amorphous materials, spintronics, nanostructures and
nanocrystals, (bio)molecules, fullerenes, clusters and complexes;
IR analysis and processing of organic materials; laser medicine;
fracture dynamics; and nanoscale characterization of (bio)materials
and nanoscale phenomena. FEL development continues to extend
the light-source frontiers.
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