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The possible applications of a free-electron laser (FEL), which would be modified to produce two synchronized,
independently tunable picosecond pulses, are considered. At least one of the pulses would be available in the
vibrational infrared region. Such an instrument would be more useful in the area of condensed-matter molecular
dynamics than the conventional one-color FEL. We review briefly the dynamical processes of greatest interest in
complicated, condensed-matter molecular systems. We discuss how a one-color and a two-color FEL can be used
for experimental measurements of these processes and the advantages that a two-color system would have over
existing technologies. We then provide a model calculation to determine the feasibility of these experimental
measurements. This calculation is based on the anlysis of two-color FEL’s by Schwettman and Smith [J. Opt. Soc.
Am. B 6,973 (1989)]. Finally we examine the most promising applications of a two-color FEL and propose several
specific experiments. The applications that are discussed include vibrational relaxation in molecular systems,
dynamics of surfaces, photobiology and biophysics, and coherent optical measurements of intrinsically disordered
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materials.

1. INTRODUCTION

In a series of conversations with H. A. Schwettman and T. I.
Smith, we discussed the possible uses of free-electron lasers
(FEL’s) in basic and applied research in solid-state physics,
materials science, and biophysics. We decided that ultra-
fast time-resolved experiments using the pump-and-probe
technique! would be an important application of FEL’s. We
could easily imagine many uses for a FEL, and these are
discussed below. However we often felt constrained by a
limitation of existing FEL’s. Even though the FEL is tun-
able, its output consists of only one color at a time.

Many of the ideas discussed in this paper are the motiva-
tion for the development of a two-color FEL, i.e., a FEL that
can simultaneously generate two synchronous picosecond
pulses (1 psec = 10712 sec) with independently tunable col-
ors. Both pulses may be in the infrared (IR), or one may be
in the IR and the other in the visible or the ultraviolet (UV)
spectral range. In this issue of the journal a companion
paper by Schwettman and Smith? discusses the technical
aspects of the two-color FEL. In this paper we describe the
types of applications that might be found for a FEL and the
advantages of a two-color FEL system.

The original picosecond lasers! were based on ruby and
Nd:glass. The lasers produced pulses at a single wave-
length. Nonlinear crystals were used to generate the second
or higher harmonics. While the development of these lasers
produced a great deal of interesting science, experimenters
were generally limited to the study of samples that absorbed
light at the laser wavelength. The development of tunable
picosecond dye lasers greatly extended picosecond spectros-
copy.? The sample could be chosen for its intrinsic interest,
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and the laser could be tuned to the sample absorption. This
additional flexibility made picosecond laser spectroscopy
almost commonplace.

Even with tunable dye lasers, however, having only a sin-
gle color proved to be another major limitation in the general
application of fast spectroscopy. With a single color, a par-
ticular state can be excited, and then properties related to
that state can be probed as a function of time. In many
instances, as described in detail below, it is necessary to
understand dynamics that involve many states of the sys-
tem. Itisdesirable to probe asecond state, which absorbs at
a different wavelength. With dye lasers, this need was ful-
filled by using two dye lasers pumped by a single pump laser
(usually an argon-ion laser or a Nd:YAG laser). These la-
sers are typically limited to visible wavelengths. In addition
there are often timing jitter problems, even when both dye
lasers are driven by the same pump laser.# This jitter may
reduce the time resolution well below that imposed by the
duration of the laser pulses themselves.

While tunable dye lasers have gone a long way toward
filling the needs of picosecond spectroscopists working with
visible wavelengths, the situation in the IR is not so well in
hand. Visible lasers are used predominantly to study elec-
tronic states of molecules. Vibrations of molecules have
optical transition frequencies that occur in the IR, at ap-
proximately 3 to 25 um. By using parametric processes it
has been possible to use conventional laser systems to gener-
ate ultrashort pulses in the 1.6- to 3.5-um range® and low-
intensity pulses in the 3- to 7-um region.57

The FEL is well known for its ability to produce tunable
IR pulses that are short in duration (2 psec) and high in
power (megawatts). FEL’s can be tuned from the near UV
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to the far IR. A FEL can also provide high-powered pulses
at a high repetition rate. These desirable characteristics
will make the FEL an increasingly useful tool for basic and
applied research. To date, however, FEL’s produce only
one wavelength at a time. It is therefore possible, for exam-
ple, to excite a vibrational mode of a molecule and follow in
time the flow of energy out of that mode. With a second
independently tunable frequency it would be possible to
tune into other states of the system and follow the flow of
energy into initially unexcited states. A two-color FEL is
ideal for this type of application. It could be a source of
high-power, independently tunable wavelengths with little
or no timing jitter between the two-color pulses. Inaddition
the inherent pulse structure of the FEL can be usefully
exploited for certain types of optical coherence experiments,
which even in the visible are not possible with conventional
lasers.

In the following sections, some of the considerations that
define the usefulness of a two-color FEL are discussed. In
Section 2 a brief introduction to molecular spectroscopy is
given. This is intended for individuals who come from an
accelerator physics background, an engineering background,
or another discipline that does not normally deal with mo-
lecular spectroscopy, particularly in condensed phases.
Those well versed in molecular spectroscopy may wish to go
directly to Section 3. Section 3 describes the types of mea-
surement methods that might commonly be employed with a
two-color FEL. Section 4 gives a numerical example of one
such experiment to show in detail the types of factors that
must be considered and the feasibility of such experiments.
Section 5 presents discussions of a number of fundamental
problems that can be addressed by taking advantage of ei-
ther the two colors produced by a FEL or the pulse structure
of the FEL output.

None of the discussion presented below is intended to be
comprehensive. Rather it should be considered a starting
point in the development of experimental concepts and in
stimulating the development of FEL hardware capable of
producing two colors.

2. MOLECULAR SPECTROSCOPY

In this section we review some elementary concepts of mo-
lecular spectroscopy. This section is intended as an intro-
duction to the types of dynamical processes that are impor-
tant in the chemistry and physics of complicated, con-
densed-matter molecular systems. We cannot treat this
subject in detail owing to space limitations, but many fine
texts are readily available.1.38-11

A. Chemical Structure

The molecular systems studied by chemists range from the
simplest diatomic molecules to biopolymers of enormous
complexity. For example, a strand of human DNA is a
single molecule whose extended length may be as great as 1
cm. One of the most studied systems in condensed-matter
molecular spectroscopy is the naphthalene molecule, and in
specific examples we will consider its properties as represen-
tative of a large variety of complex, organic, chromophoric
molecules. Naphthalene is not a small molecule, like HF
and Ny, but neither is it so complicated that its excited states
cannot be enumerated. A sizable data base exists on the
dynamical properties of naphthalene (see, e.g., Refs. 8, 10,
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12) in the crystalline state and in solution. Naphthalene has
also been used as a probe of the complicated dynamics that
are inherent in disordered systems such as micelles, glasses,
porous solids, and polymers.13

The structure of naphthalene, C1oHg, is shown in Fig. 1.
Its backbone consists of two fused hexagons of carbon atoms
with hydrogen-atom outriggers. There are two distinct
types of chemical bonds present. The C—C and C—H at-
oms are linked by sp? sigma bonds, consisting of tightly .
bound valence electrons that are localized in the space be-
tween the two positively charged nuclei. In addition, each
carbon atom possesses one additional valence electron,
which inhabits p, orbitals perpendicular to the molecular
plane. The ten p, electrons are shared almost equally
among all the carbon atoms, resulting in a delocalized -
electron system denoted by the two circles. Whenever the
number of = electrons equals 4n + 2, where n is an integer,
the molecule possesses a special stability, called aromatic-
ity.8 Aromatic molecules are usually chromophoric, that is,
they strongly absorb visible or UV light.!® The presence of
weakly bound, delocalized electrons also permits aromatic
molecules to engage in a wide variety of interesting process-
es, such as photoconductivity and electronic energy trans-
fer.8

Elementary quantum-mechanical considerations allow us
to enumerate the degrees of freedom of a naphthalene mole-
cule, which is an aggregate of 196 protons, neutrons, and
electrons. However, in dealing with low-energy processes
such as the absorption of light in the IR, visible, and near
UV, many of these degrees of freedom can be neglected
because they involve energies that are too high (e.g., nuclear)
or too low (e.g., electron spin) to be of much importance.
The most important degrees of freedom are those involving
electronic excitations of the loosely bound = electrons and
molecular vibrations. Of the latter, each of m atoms con-
tributes three coordinates of translational motion, so that
the molecule itself has 3m—6 normal modes of vibration,
three translations, and three rotations. If we take a large
number N, of these molecules and construct a condensed-
matter system, there will then exist a set of 6Ny bath states
consisting of various combinations of low-frequency (rough-
ly 0-200-cm™1) rotations and translations. In crystals,
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Fig. 1. Chemical structure of naphthalene and atomic displace-
ments for a few of the 48 normal modes of vibration.
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which have extended translational symmetry, these bath
states are called phonons.!* The bath plays an important
role in the nonequilibrium thermodynamic processes that
we will discuss: whenever a perturbation is applied to the
system, for example by a FEL pulse, the system must even-
tually return to equilibrium. The return to equilibrium, or
relaxation, occurs as the energy of the perturbation is dissi-
pated into the bath states.

B. Electronic Absorption

Electronic absorption processes involve strong coupling of
molecules with UV or visible light. Table 1 summarizes the
energies of IR, visible, and UV light. In an aromatic mole-
cule, the 7 electrons can be excited to higher-energy states
by photon absorption. The most intense optical transitions
occur between states of the same multiplicity, for example,
between the ground Sy and excited S; states.®!1 The S
states involve only paired electron spins, so they are singly
degenerate. The Sy — S; transition in naphthalene occurs
near 0.317 um, in the near UV.8 A generalized energy-level
diagram for naphthalene is given in Fig. 2. The format of
Fig. 2 is termed a Jablonski diagram.? Figure 2 shows that,
in addition to the S; excited state, there is a manifold of
higher-energy S states, denoted S, etc. There is also a
manifold of T states, which are triply degenerate because
two electrons have unpaired spins. Transitions between S
and T states involve flipping the spin of one electron. Such
a process is allowed only because of spin-orbit coupling, so
that S — T state transitions are usually weaker than S — S
or T — T transitions.

Because naphthalene absorbs in the near UV, it has the
appearance of a colorless solid. In general, the more exten-
sive the delocalized network of = electrons, the lower the
energy of the Sy state. Thus larger molecules such as chloro-
phyll, hemoglobin, and dyes such as Rhodamine 6G absorb
strongly in the visible part of the spectrum. Visible absorp-
tion imparts color to the molecule, making chlorophyll
green, hemoglobin red, and so on.

Electronic absorption spectroscopy is a routine tool in
chemistry and physics.® Chemical compounds, particularly
those with aromatic subgroups, can be identified or moni-
tored by their characteristic absorption spectrum. Dye
molecules, which interact strongly with visible light, can be
identified by their spectra in very low concentration, even at
the picomolar scale. However, absorption spectroscopy has
an important drawback: although compounds can be iden-
tified by comparison with their known spectra, absorption
spectra are typically broad and featureless. They furnish
little information about the chemical structure of a mole-
cule. Optical absorption strength is usually characterized
by a cross section, o, which has units of square centimeters.
For example, one of the most strongly absorbing molecules is
chlorophyll, which is used in nature as an antenna to harvest
solar photons in photosynthesis. At the absorption peak of
chlorophyll, ¢ = 10~ ¢cm21® The meaning of this cross
section is that the area for capture of a single photon by a
single molecule is about one square angstrom (1 A =108
cm). This capture process is statistical in nature.

C. Vibrational Spectroscopy

Molecules are not static entities; their component atoms are
constantly in motion, vibrating about their equilibrium posi-
tions. The modern view of a dynamic molecule is that the
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Table 1. Energies of Optical and Chemical Processes

Optical
Photon A (um) E (cm™) E (eV) E (kd/mole)
UV photons 0.4-0.16 25 000-65 000 3-8 300-800
Visible photons  0.4-0.7 14 000-25 000 1.8-3 200-300
Near-IR photons 0.7-3 3000-14 000 0.4-1.8 40-200
Vibrational 3-25 400-3000  0.05-0.4 5-40
IR photons
Thermal energy ~50 ~200 =~(.025 ~2.5
kpT at 300 K
Chemical
Dissociation Energy  Vibrational Frequency
Bond (kJ/mole) (cm™?)
C—H
Aromatic 400
Stretch - 3000-3100
Bend - 675-870
c—C
Aromatic ~500
Stretch - 1000-1600
Bend - 400-1000
C=0 750 1690-1760
C—N 300 1180-1360
O0—H 460 3610-3640
N—H 390 3300-3500
INTER-
SYSTEM
CROSSING
—_ 14
zA Ty
A 3
2w NS 7
[ %) *
51 13Ca &
gl la )3 3
o @ < Py
=] (=4 z &/
w3 N v S
lE ) e So &
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c = — 5?
§ (phonons) <

0

Fig. 2. Energy-level diagram showing some of the most common
dynamical processes that occur in complex molecular systems in
condensed phases. The straight arrows denote radiative processes;
the wavy arrows denote nonradiative processes. V.R., vibrational
relaxation.

chemical bonds behave as quantum-mechanical springs that
permit the bonded atoms to vibrate. The simplest picture is
to consider these springs harmonic. In this case, the com-
plex motion of the atoms can be decomposed into a small
number of normal modes of vibration.1415> However, har-
monic springs cannot be broken, and energy present in a
harmonic mode will never be transfered to other modes.
Thus a more accurate approximation considers the springs
anharmonic.!4 It is then possible for the chemical bond to
be broken by large-amplitude motions of the atoms. When
energy is deposited in one mode, it is weakly coupled to all
the other modes, permitting mechanical energy to flow
through the molecule and ultimately to dissipate in the mo-
lecular environment.
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Much effort has gone into the characterization and com-
putation of normal modes,!5 as these provide a nearly com-
plete description of the mechanical motions of molecules.
Some representative normal modes of naphthalene are
shown in Fig. 1, along with their fundamental frequencies.!6

The fundamental frequency of a vibrational mode is

vo = (/) oy

where & is the force constant and g is the reduced mass of the
atoms.!® Equation (1) shows that the vibrational frequency
is directly related to the mass of the atoms and to the
strength of the bond. A knowledge of a molecule’s vibra-
tional frequencies is thus a powerful tool for determining the
types of atoms and bonds present, i.e., the molecular struc-
ture. Table 1 summarizes the characteristic vibrational fre-
quencies of the most common molecular bond groups found
in organic matter, which consists mainly of carbon, hydro-
gen, nitrogen, and oxygen.1?

There are two distinct types of vibrational spectroscopy,
IR absorption and Raman scattering. Light interacts most
- strongly with matter when the excitation process involves a
strong dipole moment. For example, vibrational excitation
of a molecule such as HCI produces a large change in the
dipole moment, as the H possesses a fractional positive
charge and the Cl possesses an equal but opposite negative
charge. Thus HC], whose fundamental frequency is vy = 8.8
X 1013 Hz, strongly absorbs IR light at 2938 cm™}, or 3.4 um.
The spectral region of characteristic vibrational absorptions
is called the vibrational IR, located approximately between 3
and 25 um.17

Symmetrical molecules such as Nj possess no dipole mo-
ment and do not absorb IR light. However, bond displace-
ment does affect the polarizability of the bond. Polarizabil-
ity refers to the ability of a bond to form a dipole when it is
subjected to an electric field. Thus, when a molecule is
irradiated with a strong light field, a dipole is induced in it,
and the induced dipole then can interact with the light to
cause inelastic scattering. This process is called Raman
scattering.!® For example, with visible light of frequency Q
incident upon a cell of Ny, some inelastically scattered light
is produced at frequency Q — vy, where vy = 2345 cm™! for No.
The Raman effect is widely used to determine the frequen-
cies of normal modes that are not IR active.

In large molecules, there is a mix of IR- and Raman-active
vibrational modes. Group theory!® can be used to classify
the vibrations of a molecule and determine their spectro-
scopic activity. Inlow-symmetry molecules, vibrations may
be both IR and Raman active, but if the molecule possess a
center of symmetry, as does naphthalene, IR and Raman
activity is mutually exclusive. Group theory can be used to
show that naphthalene has 48 normal modes.!® Twenty four
of these modes are Raman active, twenty are IR active, and
four are optically inactive.

Raman scattering also provides a unique method for di-
rect measurement of the vibrational temperature of a partic-
ular sample.!! Cold molecules in their ground vibrational
state can only absorb energy from the optical field. Raman-
scattered light from cold molecules consists of only red-
shifted light at frequencies Q@ — »;, When the emission is red
shifted, the process is Stokes Raman scattering. Hot mole-
cules may have significant populations in excited vibrational
states as well as in the ground state. Hot molecules can
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transfer energy from their vibrations into the radiation field
to produce light at frequencies Q@ + »;. In this case the
emission is blue shifted, and the process is anti-Stokes Ra-
man scattering. If a molecule is in thermal equilibrium with
a bath at temperature T, the relative populations in the
ground state Py and first excited state P; are given by!!

P,/P, = exp(—hvy/kgT) = (anti-Stokes)/(Stokes), (2)

where kg is Boltzmann’s constant and 4 is Planck’s constant.
Because the ratio of anti-Stokes and Stokes scattered light is
proportional to Py/Py, an experimental determination of this
ratio gives the temperature 7. For example, consider Ny at
300 K. Inthis case, Table 1 gives kgT ~ 200 cm~! and P,/P,
=8 X 1076, This phenomenon is often exploited for remote
monitoring of the temperature in flames, in laser-heated
solids, or in the upper atmosphere.

Equation (2) applies only to systems in thermal equilibri-
um. Itis possible to create states in which certain vibration-
al degrees of freedom are hotter than others or hotter than
the electronic or rotational degrees of freedom. The excess
energy in a nonequilibrium vibrational state can be quanti-
tatively described by Eq. (2) by substituting the vibrational
temperature 6, for the temperature 7. Nonequilibrium vi-
brational states can be created by optical pumping or chemi-
cal reactions and are the basis for chemical lasers.

IR and Raman spectroscopies are among the most power-
ful available techniques for characterizing molecular struc-
ture. A great deal of effort has gone into the systematic
interpretation of vibrational spectra and the correlation of
the observed vibrational frequencies with the presence of
specific chemical groups on the molecule. Table 1 outlines
some of these chemical groups and their associated vibra-
tional frequencies. Such tables are in everyday use in ana-
lytical chemistry laboratories. Table 1 shows that the vibra-
tional frequency of a particular molecular group varies over a
narrow range. This variation is environment specific and is
caused by the details of the chemical bond and its adjacent
bonds. For example, C—H of methane, CHy, has vy = 2914
c¢cm~1,17 while the C—H modes of naphthalene have funda-
mental frequencies ranging from 3011 to 3072 cm~1.16

IR and Raman spectroscopies have their own advantages
and disadvantages. IR absorption is a fundamentally stron-
ger interaction than Raman scattering, and the cross section
for strong IR absorbers is typically 10 orders of magnitude
larger than the analogous cross section for strong Raman
scatterers. The small cross section is the biggest disadvan-
tage of Raman scattering, and intense, monochromatic, visi-
ble sources (i.e., lasers) are usually necessary for observation
of the Raman effect. There is an important method that
boosts the intensity of Raman scattering by several orders of
magnitude. When the optical frequency Q is coincident
with a molecular absorption frequency (e.g., an Sy — S;
transition), the Raman emission is strongly enhanced. This
process is called resonance Raman.!! It is a widely em-
ployed tool for studying vibrational spectroscopy of highly
colored molecules because of its sensitivity.® It is also high-
ly selective because the resonance Raman effect can be used
to pick out a colored molecule from a sea of colorless mole-
cules.

The other advantages and disadvantages are rooted in the
technical means used to generate and detect vibrational
spectra. IR spectroscopy requires a radiation source that
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must produce photons at the exact frequencies of the transi-
tions under study. Thermal sources (hot bodies) produce
wideband IR radiation whose intensity in a narrow spectral
range Av is usually quite small. In addition, IR photon
detectors are relatively inefficient and noisy and usually
involve cryogenic cooling systems to reduce the blackbody
background. There are a number of powerful IR laser
sources available, but they are not easily tunable. Here the
FEL stands out as a most desirable source of intense, broad-
ly tunable, ultrafast IR pulses.

Raman scattering requires a monochromatic source,
which need not be tunable. Usually the source frequency Q
is in the visible or UV. Spectral analysis of the scattered
light at frequencies @ — »; is usually accomplished with a
spectrometer or a spectrograph. Raman scattering typically
involves the detection of high-energy visible or UV photons,
and detectors in this range are usually superior to IR detec-
tors. Conventional Raman measurements of stable species
are usually made with continuous laser sources. Detection
of the Raman spectrum of a short-lived, transient species
requires intense ultrashort pulses that are synchronized
with the pulse source that creates the transient species.
Although there are many sources of ultrafast visible light
pulses that are suitable for time-resolved Raman scattering,?
the FEL again stands out because the average powers of
these sources are usually measured in milliwatts, while the
FEL power is of the order of watts.

D. Dynamical Processes

Consider a condensed-matter molecule initially at low tem-
perature. It is in intimate contact with a large number of
other molecules that compose the thermal bath. If we per-
turb the molecule, it will ultimately dissipate its energy into
this bath and return to equilibrium. These perturbations
and dissipations are the origin of condensed-matter dynam-
ics. Some important dynamical processes are diagrammed
in Fig. 2.

If we irradiate the molecule with light that is not suffi-
ciently energetic to excite the electronic states, we can still
produce vibrational excitation through direct absorption or
Raman scattering. The vibrational states of the Sy electron-
ic manifold will be called S¢*. The vibrationless ground
state is denoted So0. In the Sy’ states the molecule is vibra-
tionally hot, and it must cool by mechanical energy transfer
to other vibrations, denoted Sy”, or to the bath. The decay
of energy out of Sy’ is a radiationless process called vibra-
tional relaxation (VR). Radiationless processes are denoted
in Fig. 2 by wavy arrows. In complicated condensed-matter
systems, VR is very fast, typically occurring in a few picosec-
onds (1 psec = 10712sec).’® Usually a molecule must under-
go several VR steps to return to So? from S¢?, and this multis-
tep process is called vibrational cooling.2°

Another possibility for producing vibrational excitation is
to irradiate the molecule with light that matches the So°® —
S0 transition. In the S; state, = electrons have been pro-
moted from the bonding orbitals to the high-energy anti-
bonding orbitals. This promotion process changes the elec-
tric field potential felt by the nuclei and thus changes the
force constant of each chemical bond. The vibrational exci-
tations of the excited state, denoted Sy”, differ from the Sy’
vibrations of the ground state. In the case of naphthalene,
this difference is small. Some molecules undergo significant
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photoinduced rearrangements in their excited states. In
these cases, the structure of the excited-state molecule and
its normal mode is significantly different from that in the
ground state. Still other molecules undergo radical, irre-
versible structural changes in excited states, in other words,
photochemistry.

In the S;0 state, the molecule may relax through radiative
or nonradiative processes. Radiative relaxation, denoted by
the straight arrows in Fig. 2, produces fluorescent photons.
Nonradiative relaxation involves coupling between S;° and
the large numbers of Sp* states, which are nearly isoenergetic
with S;°%, or intersystem crossing into the manifold of T
states. In naphthalene, the lifetime of S;%is 96 nsec.l® On
average, 23% of S° states decay by fluorescence, while the
remaining 77% relax nonradiatively into T or Sy’ states.1?

It is also possible for optical absorption to promote the
molecule directly from S¢° to Sy” states. In this case, anoth-
er vibrational cooling process results, but this time it occurs
in the S; state. On the time scale of 1071 sec, cooling is
complete,?0 and S0 is populated. S:° then relaxes on the
100-nsec time scale as described above.

Intersystem crossing involves spin—flip transitions from
S0 to T, usually an excited vibration of T1.° Once T} is
populated, vibrational cooling again occurs on the picosec-
ond time scale to populate T1°. The T} state is only weakly
coupled to Sy, so its relaxation is much slower and, depend-
ing on the details of the spin state, may take as long as 100
sec.” The T; decay may be radiative or nonradiative. Ifitis
radiative, the accompanying emission is called phosphores-
cence.

An important possibility not shown in Fig. 2 is that of
photochemical reactions. Table 1 shows that UV or high-
end visible photons have just about the correct energy to
break chemical bonds. However, the energy of a photon is
rapidly redistributed through the other degrees of freedom
of the molecule, and this redistribution process competes
with bond breaking. Some photochemical reactions lead to
direct bond cleavage, but the majority occur indirectly. In
these cases, the potential barrier for the chemical reaction is
smaller in the excited state than in the ground state, so the
photon plays a catalytic effect by lowering the barrier.

It is of great importance to determine the rates and de-
tailed mechanisms of these electronic and vibrational relax-
ation processes, as they are the fundamental processes of
molecular physics and chemistry. Chemical and physical
transformations are accomplished by putting excess energy
into molecules, usually by heating or irradiation. The sub-
sequent disposition of this excess energy by chemical or
mechanical processes is the central topic of condensed-mat-
ter molecular dynamics.

3. ULTRAFAST MEASUREMENTS WITH THE
TWO-COLOR FREE-ELECTRON LASER

There is a simple argument from classical statistical me-
chanics to determine the natural time scale of chemical pro-
cesses. Every atom has an amount of kinetic energy equal to
Eyin = 3kgT/2. The particles in condensed-matter systems
are therefore constantly moving and colliding with one an-
other. The characteristic time, 7., that corresponds to this
energy is 7. = 2h/3kgT. At ambient temperature, 7. = 0.17
psec. Thus elementary chemical reaction events occur on
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the time scale of approximately a tenth of a picosecond or
longer. This argument does not apply to electrons, as they
are inherently quantum mechanical. Some electronic pro-
cesses can occur in as little as a few femtoseconds. Processes
that involve picosecond or femtosecond events are called
ultrafast processes. It is highly desirable to be able to mea-
sure dynamical processes on the subpicosecond and picosec-
ond time scales.

The FEL pulses have a duration of approximately 2-5
psec, so they do not provide the ultimate time resolution
sought by researchers. If pulse duration were the only im-
portant attribute of the FEL, it would not be an interesting
tool. Commercial visible wavelength dye laser systems are
now available at a cost of $100-$400K that provide subpico-
second optical pulses in a benchtop setup. However, the
two-color FEL offers some significant advantages that
benchtop lasers are not likely to match in the near future.
In order to understand these advantages, it is necessary to
discuss briefly how ultrafast measurements are made. We
might also comment that recent advances in quantum optics
have made it possible to compress optical pulses,2! with
compression factors ranging up to 102 Pulse compressors
are lossy components that reduce the energy of a laser pulse
by factors of 3-10, so the FEL is an attractive candidate for
pulse compression owing to its high average power.

Figure 3 is a schematic diagram of ultrafast spectroscopic
measurement techniques. The usual method of making
these measurements is called pump-and-probe. A compli-
cated laser apparatus (not shown) generates an intense ul-
trashort pulse, the pump, and a (usually) weaker ultrafast
pulse, the probe. In many experiments, the two pulses are
derived from the same laser and have identical characteris-
tics, excepting their relative intensities. However, in gener-
al, it is advantageous to have a system such as a two-color
FEL, which would produce two independently tunable
pulses. Since optical pulses propagate at the speed of light,
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Fig.3. Diagram of an experimental apparatus for picosecond mea-
surements with a FEL. (a) Pump-and-probe measurements. The
intense pump pulse induces a physical or chemical change in the
sample, and the delayed probe pulse is used to study time-depen-
dent changes in transmission (T) or reflectance (R). PD, photode-
tector. (b) In this experiment the probe method involves spontane-
ous Raman scattering. The Raman emission stimulated by the
probe pulse is imaged through a spectrograph into an OMA. S, Slit;
G, diffraction grating; M, curved mirror.
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¢ = 3 X 1019 cm/sec, the physical length of the pulse, I, is
directly related to its duration, ¢, = I/c. For example, for ¢,
= 3.3 psec, ! = 1 mm.

The role of the pump pulse is to create a sizable physical or
chemical change in the sample. The pump might create an
electronic or vibrational excited state; it might induce a
photochemical reaction, cause a sudden jump in the sample
temperature, or orient or polarize the molecules by virtue of
its large electric field.2 Once perturbed, the sample will
relax. One goal of ultrafast spectroscopy is to measure this
relaxation process.

Most electronic devices are not fast enough to measure
ultrafast events,!® so the timing in these experiments is
accomplished in the following manner. The pump and
probe pulses are directed into the sample by a system of
mirrors, and the geometry of the system determines the path
length differential for the two pulses. The probe pulse path
includes at least one mirror that can be easily moved. In-
creasing the path-length differential increases the relative
delay between pump and probe events. A 1-cm differential
leads to a delay ¢y = 33 psec. Thus the measurement of
ultrafast time delays is surprisingly simple, because it in-
volves the measurement of convenient distances in the opti-
cal apparatus.

The state being probed might be the one that was
pumped, or it might be a state populated by a relaxation
process. The probe pulse monitors the relaxation process in
avariety of ways. The relaxing sample might exhibit a time-
dependent absorbance or reflectivity. Figure 3(a) shows
how absorbance or reflectivity changes can be monitored.
Another observable might be Raman scattering induced by
the probe pulse at frequencies @ % v;. Figure 3(b) shows how
the Raman spectrum of a perturbed sample can be acquired
by using a spectrograph to analyze the spectral content of
the emission and an optical multichannel analyzer (OMA) to
detect the Raman emission. It is also possible to detect
time-dependent fluorescence from a sample by using either
fast photoelectronic systems (streak cameras! or time-corre-
lated photon counters3) or optical sampling in a nonlinear
crystal.22

In the apparatus of Fig. 3(a) the signal waveform corre-
sponding to the sample relaxation process is reconstructed
by the technique of sampling. Sampling is possible only
when the laser produces a repetitive stream of nearly identi-
cal pulses. First the movable mirror is set so that the two
arms of the optical system are equal, corresponding to tg = 0.
The laser is then pulsed, possibly several times, and the
probe pulse is detected. Then the mirror is moved to a new
location, say 1 mm, and the probe is again detected. This
yields the experimental value for 3.3 psec of delay. The
process is repeated at many delay values, including values of
t4 < 0 that establish the baseline. In this manner, the signal
waveform is reconstructed. With a FEL it would be desir-
able to accumulate data from all the micropulses occurring
during a single macropulse. In the interval between macro-
pulses the mirror can be moved to a new location by using a
stepper motor.

In the apparatus of Fig. 3(b) the OMA simultaneously
detects Raman-ghifted emission at many different wave-
langths. For a given value of ¢, the OMA obtains the entire
Raman spectrum of transient species created by the pump
pulses. Typically the emission from several macropulses
would be integrated in the OMA to obtain a spectrum.
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The above discussion allows us to discern some of the most
desirable qualities of a laser source for ultrafast measure-
ments. First, production of two independently tunable, si-
multaneous laser pulses is highly desirable. The use of two
different pulses permits the experimenter to choose wave-
lengths that individually optimize the pump and probe pro-
cesses. Second, for many experiments, the pulses need to be
extremely powerful. The second consideration follows from
the ultrashort duration of the pulses and the necessity to
produce a detectable perturbation in the sample with the
pump pulse. The power requirement has led to the design
of ultrafast lasers whose peak pulse powers are in the mega-
watt or gigawatt regime. Finally, the pulses should be re-
petitive and reproducible, with a repetition frequency ade-
quate for reconstructing and averaging the signal waveform
in a reasonable amount of time.

There are several elements of the two-color FEL that
make it highly desirable for ultrafast dynamic studies: first,
the availability of synchronous pulses at two frequencies, at
least one of which can be in the problematic vibrational IR;
second, the ability for either or both frequencies to be tuned
over a wide range exceeding that of conventional lasers; and
finally, the nature of the FEL output, a consequence of the
linear accelerator used to pump the FEL. (We are referring
here to the FEL at Stanford University.) The FEL pulses
have megawatt peak powers, sufficiently powerful to induce
sizable chemical or vibrational changes in a sample. The
long accelerator produces an interpulse spacing of approxi-
mately 85 nsec, which is nearly ideal.

The pulse-repetition frequency is an important parameter
in ultrafast spectroscopy. The FEL repetition frequency is
far greater than that of other megawatt laser sources, giving
high average power. However, a too-large repetition fre-
quency is undesirable. In most measurements, the opti-
mum frequency is the maximum that allows the sample to
return to the ground state during the interpulse interval.
Nearly all systems require a minimum of a few tens of nano-
seconds for this return process, so interpulse spacings much
less than this value are often undesirable. For some sam-
ples, it will be necessary to increase the interpulse spacing
still further. This reduction can be accomplished with an
optical modulator with a rise time of a few tens of nanosec-
onds. Modulators with rise times in this range are widely
available from commercial sources, whereas systems with
rise times much less than 10 nsec involve much more compli-

‘cated switching techniques.

The IR part of the FEL can operate in most of the vibra-
tional IR, including the critical 2.8-15-pm region. It should
be highly efficient in the near IR, where semiconductor in-
traband transitions lie. The visible part of the FEL can
operate throughout the entire visible spectrum. By using
conventional frequency multiplier crystals the range can be"
extended into the UV. Only a few existing lasers can pro-
duce sizable tunable IR pulses. The most common technol-
ogy involves optical parametric generation in LiNbOj3 crys-
tals,® but these crystals have an effective range of 1.6 to 3.5
um, making most of the vibrational IR inaccessible. Al-
though other IR materials are under development, high-
power tunable ultrafast pulse systems in the vibrational IR
do not yet exist. Furthermore, existing IR systems produce
average powers of a few milliwatts, compared with watts for
the FEL.

Tuning the visible part of the FEL involves electronic
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adjustment of the electron-beam energy. It will also be
necessary to change the two mirrors of the laser resonator for
large-wavelength excursions. We anticipate that it will be
easier to tune the FEL over a wide range than to tune an
amplified, ultrafast dye laser. In a dye-laser system of this
sort,3 wide-wavelength excursions may involve replacing the
dye-laser mirrors (there are usually three to seven), changing
the dye and amplifier gain and saturable absorber dyes, and
possibly several layers of mechanical readjustments. A con-
ventional dye-laser system produces nanojoule pulses at
high (megahertz) repetition rates® or microjoule pulses at
kilohertz rates, 3 in either case giving average powers in the
milliwatt range. Benchtop dual dye-laser systems have dif-
ficulty obtaining high time resolution when it is necessary to
produce two high-power, independently tunable pulses.
Even when two identical dye lasers are pumped by the same
master oscillator, timing jitter exists between pulses from
the two lasers.3* The FEL may experience less jitter be-
cause of close correspondence between the electron bunches
and the optical pulses.

One of the most promising applications for the FEL is in
the study of VR. Most ultrafast experiments are performed
on electronic transitions that have large absorption cross
sections. However, electronic spectra, which are often
broad and structureless, are not a good tool to characterize
molecular structure. Ultrafast vibrational data are usually
more desirable because of the fingerprint nature of vibra-
tional spectroscopy. However, vibrational spectroscopy
must employ either tunable IR pulses, which conventional
lasers cannot readily produce, or Raman scattering, which
has a small cross section and requires high average power.
These limitations are directly overcome by the FEL.

A wide variety of experiments will be feasible when the
two-color FEL is used. For convenience, we have divided
these experiments into six general classes.

1. High-power IR. 1t is often desirable to irradiate sys-
tems with high-power IR light to cause nonequilibrium heat-
ing effects, such as resonant desorption from surfaces. The
only high-power (=10 W) systems in the IR are a few chemi-
cal lasers restricted to relatively narrow frequency ranges.
By contrast, the FEL is a broadly tunable source spanning
much of the near and vibrational IR.

2. Infrared pump and probe. In this case a vibration of
the electronic ground state, S¢’, is excited, and the rate of VR
is probed with a delayed pulse of the same frequency. With
the powers provided by the FEL and tight focusing, high
levels of excitation can be created in all vibrations with
reasonable IR cross sections.

3. IR pump and visible probe. In this case IR light is
used to excite a vibration or to jump the temperature of the
system. Visible or UV probes monitor the subsequent dy-
namics through absorption, fluorescence excitation, or Ra-
man scattering.2¢ Raman detection is currently difficult
but should become straightforward given the high average
powers of the FEL.

4, Visible pump and IR probe. The IR spectroscopy of
short-lived transient species is virtually a nonexistent field.
A visible pulse will excite molecules or initiate a chemical
reaction, and IR spectra of the resultant transients can be
observed by direct IR absorption changes of the probe pulses
on a picosecond time scale. ,

5. Visible pump and visible probe. Many researchers
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are now using this technique with benchtop laser systems, so
it is only reasonable to comtemplate experiments for which
the FEL provides unique advantages over conventional la-
sers. Here the area of excited-state Raman scattering
stands out. In this experiment, a visible pulse is used to
excite a molecule or initiate a chemical reaction, and the
transient species thus produced are detected by Raman scat-
tering. For high sensitivity and high time resolution to be
achieved, the pump and probe pulses must both be quite
intense and synchronized. Dual dye-laser systems produce
average powers in the milliwatt range, and jitter between the
dye lasers usually limits time resolution to ~25 psec.® Only
in a few cases has the time resolution of time-resolved, spon-
taneous Raman scattering exceeded this value.25 The FEL
will permit Raman detection of low-concentration species
with a time resolution of perhaps 2 psec.

6. Nonlinear-optical interactions. The high peak pow-
er of the FEL allows nonlinear interactions to be exploited
efficiently. Inthese experiments, several input pulses inter-
act in the material medium to generate output pulses at new
frequencies or in different directions. Important examples
are transient gratings? and other four-wave mixing experi-
ments and photon echoes.?” All these experiments can be
extended to the study of condensed phases in the IR regime
with the FEL, and new experiments involving various com-
binations of IR and visible pulses will also be possible.

4. ULTRAFAST EXPERIMENTS: A NUMERICAL
EXAMPLE

Here we wish to provide a model calculation of the signal
levels that can be obtained in two-color FEL experiments.
For the example, we will choose the case of IR excitation and
Raman probing. Of the experiments listed above, this is
probably the most difficult and demanding, and a demon-
stration that the two-color FEL can accomplish this experi-
ment should be taken as confirmation that the other types of
_ experiment are at least equally feasible.

The proposed experiment follows the general design of
Fig. 3. Using a tunable, picosecond IR pump pulse, a specif-
ic mode Sy’ (see Fig. 2) is excited. Vibrational relaxation
will cause the energy in mode » to dissipate into the Sy”
modes of the molecule. Ultimately the »* excitations will
dissipate into the bath. The excitations of »’ will build up as
vrelaxes and then decay with the VR lifetimes of /. Experi-
ments that can probe the flow of mechanical energy through
the v states would provide information about molecular
dynamics hitherto impossible to obtain.2®

The nonequilibrium populations arising in the 1 states
can be probed by IR or Raman methods.2¢ In the IR case,
the apparatus of Fig. 3(a) is used. The probe pulse is tuned
to the frequency of »’. In an unperturbed sample the probe
will be absorbed and attenuated by a known amount given
by Eq. (3) below. In a perturbed sample »* will become
vibrationally hot, and the probe pulse attenuation will de-
crease. At large pumping levels, the probe pulse may be
amplified by stimulated emission. The amount and time
dependence of v’ excitation can then be determined by the
time-dependent attenuation of the probe pulse.

When v is a Raman-active vibration the apparatus of Fig.
3(b) is used. In the unperturbed sample v’ is not excited,
and mostly Stokes emission is observed. However, in a
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perturbed sample, anti-Stokes emission, the hallmark of ex-
cess vibrational population, will be enhanced.

It is the latter case, IR pumping and Raman probing, that
we shall consider. We choose this example for several rea-
sons. First, it is a worst-case scenario, because Raman prob-
ing is much less sensitive than IR probing. Second, Raman
probing is inherently advantageous. When v relaxes into

many ¥’ states, IR probing techniques demand that measure-
ments be made with the FEL tuned to each of the » IR

frequencies. Raman probing with an OMA detector pro-
vides simultaneous information about all the »* modes. Fi-
nally, it is straightforward to calibrate the experimental
apparatus for absolute determination of the vibrational tem-
perature of each »” mode, §,,. With IR probing it is certainly
possible to relate the probe pulse attenuation to the vibra-
tional temperature, but such a relation involves many pa-
rameters, including the number density, cross section, re-
fractive index, and geometric factors. With Raman probing
the spectrograph can be set to monitor the Stokes and anti-
Stokes frequencies, giving a direct, absolute measurement of
the vibrational temperature of each »* mode.28

The IR pump-Raman probe technique has been demon-
strated by Gottfried and Kaiser in Munich.28 They studied
solutions of naphthalene and anthracene in a solvent,
CH;Cl;, whose vibrational modes interfered little with ob-
servation of the naphthalene vibrations. They used a
unique laser apparatus consisting of a mode-locked Nd:glass
laser that produced a 50-mJ, 6-psec pulse at 1.054 um. The
extremely large peak power of this pulse, ~8 GW, permits
the generation of synchronous pulses at other frequencies
through various nonlinear processes. A disadvantage of this
system is that large glass lasers such as those described in
Ref. 24 cannot usually be operated at rates exceeding one
pulse per minute. Experiments involve long, tedious peri-
ods of signal averaging, especially in light of the fact that
each laser pulse provided roughly one photon of anti-Stokes
signal. This type of experiment is so difficult with conven-
tional laser systems that no real attempts have been made
systematically to explore the effects of exciting several dif-
ferent » states in the same molecule or to study a series of
related compounds to learn the relationship between chemi-
cal structure and vibrational energy flow.

In the naphthalene experiments, C—H stretching vibra-
tions were excited with a tunable IR pulse generated by
parametric three-photon processes in crystals of LiNbOs.
Raman-active vibrations were probed, using the harmonic of
the 1.054-pm laser pulse at 0.537 nm, in the green portion of
the visible spectrum. The IR pulses generated in LiNbO;
had an excessively large frequency bandwidth of ~20 cm™!,
compared with the uncertainty limit of ~1 ¢cm™= for a 6-psec
pulse.l For this reason two different C—H modes, at 3048
and 3064 cm~1, were simultaneously excited, somewhat com-
plicating the analysis of the experiment. The Raman probe
process was used to study the behavior of three other modes,
v1, a C—H stretching mode at 3058 cm™!, »5 at 1380 cm™1,
and vg at 765 cm™!. These three modes are diagrammed in
Fig. 1. The last two are symmetric stretching modes of the
C—C skeleton. Thus the dynamic processes under investi-
gation involve energy redistribution among the C—H modes
and energy transfer from C—H modes to lower-energy C—C
modes.

The results showed that within 0.5 psec the »; mode be-
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came excited by intramolecular vibrational energy transfer
from the IR-active modes. By using the absolute calibra-
tion provided by the Raman process, it was found that 10%
of the initially absorbed energy was transferred to »;. Be-
cause naphthalene has eight C—H stretching modes, this
information was used to conclude that the initial energy was
redistributed in a roughly evenhanded manner through all
the C—H modes. The energy decayed out of »; within 2 +
0.5 psec. The v5 and »g data showed that vibrational energy
built up and then decayed to still lower-energy modes. The
buildup for the higher-energy v5 occurred within 5 psec, and
the decay took 9 psec; the total excitation was very small,
only 1%. The buildup of vg took 10 psec, the decay took 7
psec, and the amount of excitation was 10%.28

Such detailed information about mechanical energy flow
through molecules had never before been obtained. Under-
standing this energy flow has been a long-standing goal of

chemistry. A good data base is the prerequisite for the
development of a general approach to energy flow in con-
densed phases such as the theory of Hill and Dlott.2® This
approach used a master equation to describe vibrational
cooling in a molecular crystal such as naphthalene.

For our feasibility calculation, we will use two-color FEL
parameters from Smith and Schwettman? corresponding to
a low-energy electron beam of 21 MeV and a high-energy
beam tunable to a maximum of 59 MeV. This combination,
together with third-harmonic generation processes, will pro-
duce an IR pulse tunable between 5 and 15 um, correspond-
ing to the range of 650-2000 cm™~1, and an associated near-IR
or visible pulse in the 2.0- t0 0.67-um range. The latter pulse
can be further shifted into the UV by using standard fre-
quency-doubler crystals. The micropulse energies are esti-
mated at 5 ud with durations ¢, ~ 2-5 psec, giving peak
powers in the megawatt regime. Preliminary experiments
performed at Stanford University suggest that the micro-
pulses are approximately transform limited. Assuming a
Gaussian pulse envelope, the 2-5-psec pulse duration trans-
forms into a frequency bandwidth of Av~ 3-8 cm~1. We will
assume a macropulse repetition frequency of 10 Hz with an
overall duty cycle of 10%. In this case, the two-color FEL
output will consist of 10 macropulses per second, each ma-
cropulse lasting 10 msec. The macropulse will contain ~1 X
105 micropulses spaced by ~85 nsec, and at 5 ud per pulse
each macropulse has an energy of 0.5 J, with the time-aver-
aged power of the system being 5 W in each beam. We will
also keep in mind that this estimate represents an upper
limit to the power delivered to the sample, as the FEL beam
must travel a complicated path containing many optical
components as it is transported from the source to the user
laboratories. Although the optical loss of each component is
minimal (perhaps a few percent), the combined effect of a
large number of components is not.

With an IR pulse tunable between 600 and 2000 cm™1, it
would be possible to excite individually more than 10 differ-
ent, strongly IR-active skeletal modes of naphthalene. The
FEL must be carefully tuned into each desired IR transition
with an absolute accuracy equal to the laser bandwidth of a
few inverse centimeters. For this reason, a conventional IR
spectrometer would be a useful accessory in a well-equipped
FEL laboratory. The Raman probe need not be carefully
tuned. In fact, given that optical array detectors are most
efficient in the 0.4-0.9-um range, any probe wavelength in
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this range is acceptable. The mechanics of the FEL are such

that the choice of a particular IR wavelength will somewhat
limit the choice of visible wavelengths, so we will wish to
operate where the visible power is maximum. Naphthalene
has 24 Raman-active modes that can be probed, although
only 10 or so have really large cross sections.

The naphthalene sample may be used in several forms.
Theoretically speaking, the optimal system is a perfect crys-
tal of pure naphthalene cooled to below 10 K. It would be
most desirable to study the cold crystal and then investigate
the effects of raising the temperature. If an experimentisto
be performed at room temperature, where 25T ~ 200 cm™,
thermal population of the lowest-frequency vibrations
would tend to obscure the nonequilibrium populations cre-
ated by the pump pulse. Low-temperature experiments
would require an optical cryostat chilled with liquid helium,
with windows that pass both visible light and IR light out to
600 cm™!. A good choice for windows would be ZnSe, which
is hard and durable, which survives many thermal cycles
without fracturing, and which is transparent in the range 0.6
to 22 um. For some experiments, it might be desirable to
dilute the naphthalene, either to avoid samples with overly
large optical densities or to investigate the influence of ex-
ternal solvent matrices on the VR process.!? In the solid
state, pure naphthalene can be diluted by suspending micro-
crystals in a pressed pellet of KBr or by forming commensu-
rate cocrystals such as 1% naphthalene in a single crystal of
tetramethylbenzene (durene). Solutions of naphthalene
can be studied at ambient temperature by using solvents
such as CHsCly, which have wide regions of infrared trans-
parency. The solutions could be contained in NaCl or ZnSe
cells.

The first criterion for our calculation is that the IR pulse
must make a sizable perturbation in the vibrational popula-
tion of the sample. In other words, we require that a signifi-
cant portion of the ground vibrational states be excited to
the first excited state. In order to perform this calculation,
we need to review briefly the equations that govern optical
absorbance. We first assume that the vibrational transition
may be treated as a two-level system, the ground state and
the first excited vibrational level. This approximation is
not adequate for harmonic oscillators, as their energy-level
structure is a ladder of equally spaced levels, but is adequate
for anharmonic oscillators! in which the energy splitting
between the ground and first excited states is larger than
that between the first and second excited states.

If the irradiating light is weak, its absorbance is governed
by the Beer-Lambert law:

IN/I(\) = exp[—no(M)]] = 107, (3

In Eq. (3), Io()\) is the intensity of irradiating light at
wavelength A, I(\) the intensity of that light that is transmit-
ted through the sample, n is the number of absorbing mole-
cules (cm™3), o()) is the absorption cross section (cm?), and [
is the optical path length (cm). An alternative way of ex-
pressing these quantities uses c, the concentration in moles/
liter, [ in centimeters, and e(\), the decadic molar extinction
coefficient in liters/mole/centimeter. The appropriate, and
quite useful, conversion factor is ¢ = 3.81 X 1072 €10 An-
other useful quantity is optical density (OD) [OD =
—log1o(I/Ty)]. When the OD is unity, 90% of the irradiating
light is absorbed.
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When the irradiating light is strong, it is possible to satu-

rate the transition. When saturation occurs, the rate of
excited to ground transitions becomes comparable with the
rate of ground to excited transitions. If we consider IR
pulses whose duration is short relative to the rate of VR, the
fluence (J/cm?) necessary to excite 1/e of the molecules is
called the saturation fluence, Wy, given by

Wy = hv/o. 4)

Equation (4) shows that 1/e of the molecules are excited
when the fluence is equal to the energy of one photon per
cross section.

In the design of this experiment, we will begin by assuming
that the sample OD, at the frequency of the pump pulse, is of
the order of unity, while the pump pulse fluence is of the
order of Wy, The assumption is justified below. Ifthe OD
is significantly greater than unity, all the pump is absorbed
on the front face of the sample; if less than unity, most of the
pump energy passes harmlessly through the sample.

The critical parameters in this calculation are the cross
sections for IR absorption and Raman scattering. The cross
sections for the various molecular vibrations can vary over a
wide range, and typically some transitions are strong while
others are considerably weaker. Furthermore, these cross
sections usually decrease with increasing temperature.
Temperature broadens the absorption profile, reducing the
cross section at the absorption peak. In low-temperature
naphthalene, the most intense IR transition is the out-of-
plane C—H bending mode near 800 cm~! and its cross sec-
tion o ~ 10716 cm2.2% There are other lines with ¢ ~ 10~17
cm?, including v3; and v44 shown in Fig. 1. Other IR transi-
tions have even lower values of s, and one can expect ¢ to
decrease by perhaps an order of magnitude as T is increased
to 300 K.

Let us consider the specific case of excitation of v3; or vy at
low temperature with ¢ = 10717 cm2. Given an IR pulse of 5-
ud energy near 1600 cm™1, Wy, = 3 X 1073 J/cm2  This value
of Wy, implies a laser beam area of 1.7 X 1073 cm?, corre-
sponding to a Gaussian beam diameter of D = 450 um, which
is easily accomplished. In passing, we might note that the
FEL has a high degree of spatial coherence and in principle
can be focused to the diffraction limit, which is of the order
of one wavelength, or a diameter of roughly 20 um at 1600
cml. In this case, the irradiated area is ~3 X 10~ cm?2,
implying that transitions as weak as ¢ = 3 X 1072 can be
saturated with tight focusing. However, tight focusing will
present some practical difficulties involving misalignment
or optical damage.

For ¢ = 10717 cm?, achieving a nominal OD of unity is
simple. For naphthalene, n ~ 5 X 102! cm~3, so a pure
crystal of naphthalene will achieve the requisite value of OD
when!= 0.5 um. Alternatively, a convenient [ = 1-mm path
length can be achieved by diluting the naphthalene by a
factor of ~10%. Pure 1-mm samples will be satisfactory for
small values of ¢ = 1019,

Assuming that we have pumped the vibrational transition
to near saturation levels, we must now consider the anti-
Stokes Raman probing process. Unlike in absorption pro-
cesses, Raman scattered light is incoherently emitted over a
wide range of solid angles. The scattering process is charac-
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terized by the differential Raman cross section, deg/de,
where 0 is the solid angle in steradians. Given a pulse with a
fluence W (photons/cm?) irradiating a volume containing N
Raman-scattering centers in the ground state, the number of
Stokes-scattered photons into a solid angle 8, Ng,(8), is given
by!!

Ng,(6) = WNop, 5)

The most intense Raman transitions in naphthalene have
do/df ~ 10~% cm? 5.2 One example of a strongly Raman-
active mode is v5 (see Fig. 1). Naphthalene has approxi-
mately five modes with comparable cross sections and more
than ten other modes whose cross sections are down by about
an order of magnitude.

Assuming that we have optimized our pumping process,
the sample has absorbed roughly 5 uJ of energy in a cylindri-
cal volume 400 um in diameter and perhaps 1 mm deep,
corresponding to a sample volume of V = 10~4 cm3. At 1600
cm~l, a 5-ud pulse contains 1.6 X 1014 photons, so the con-
centration of vibrationally excited molecules is N ~ 1018/
cm®. We now assume a Raman probe pulse of 5 ud at 0.8 um
with a flux Jo = 2 X 106 photons/cm?2. Assuming for the
moment that every vibrational excitation that was created
by the IR pump has been transfered to v;, the number of
anti-Stokes scattered photons from a single probe pulse is
Ngs(0) = 20. Now we assume a reasonable aperture for the
spectrograph [see Fig. 3(b)] of f/4, corresponding to a solid
angle of ~0.05 sr. Thus each probe pulse scatters one pho-
ton into the detector at the frequency @ — vs. We should
then expect a factor-of-10 reduction to account for the quan-
tum yield of the detector and losses in the spectrograph and
collection optics.

We conclude that the combination of a strong IR transi-
tion with o = 1017 cm? together with a strong Raman transi-
tion with or = 10729 cm? sr will produce roughly 10~ counts,
where a count is the electronic equivalent of a detected
photon. Recalling that the repetition rate of the micro-
pulses is >10%/sec, we would expect of the order of 105
counts/sec at a detector whose intrinsic noise level is only a
few counts per second. This is an acceptable signal. Many
Raman experiments are now performed with signal levels of
only a few counts/second.

The value of 105 counts/sec is dependent on three critical
factors, the IR cross section of the vibration that is pumped,
the Raman cross section of the vibration that is detected,
and the efficiency of energy transfer from the pumped mode
to the probed mode. With the results of Gottfried and
Kaiser as a guide, the last-named -quantity ranges from 0.01
to 0.1,%8 reducing the signal level proportionately. The sig-
nal that remains is still large and will remain so even if the IR
or Raman cross section is lowered by 1 or 2 orders of magni-
tude.

We can thus conclude that it is possible to perform the IR
pump-Raman probe experiment on condensed-matter sys-
tems by using the two-color FEL and that the pulse proper-
ties of the FEL are so favorable that the experiment can be
performed on samples with only moderately large IR or
Raman cross sections or molecules in solution whose number
density is reduced by a dilution factor of a few orders of
magnitude.
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5. PROPOSED EXPERIMENTS WITH A TWO-
COLOR FREE-ELECTRON LASER

In this section we will discuss some of the most promising
applications of the two-color FEL in the study of dynamical
processes in complex molecular systems. We make no at-
tempt to be complete; instead we have selected some areas
that are being actively pursued in our research groups or
areas in which in our opinion the two-color FEL has the
greatest potential for important breakthroughs.

A. Vibrational Relaxation in Molecular Systems
One of the most important goals of chemistry is to under-
stand how energy is disposed among the various degrees of
freedom as a result of perturbations caused by optical or
thermal excitations or by chemical reactions. We can dis-
tinguish three broad classes of experiments: studies of VR
in simple, ordered systems such as pure crystals; studies of
VR in complex systems, such as polymers and glasses; and
studies of VR processes occurring during chemical reactions.

Molecular crystals are the natural starting point for fun-
damental studies of VR in condensed phases. Our knowl-
edge of VR processes in molecular crystals derives mainly
“from spectral line-shape or coherence decay studies.!®?0
The width of a spectral transition is proportional to the rate
of loss of the phase memory of the two states. This vibra-
tional dephasing process involves two components: VR,
consisting of processes that result in energy flow out of the
excited state, and pure dephasing, processes that result only
in loss of phase memory.1%20 To date, there are practically
no direct measurements of VR in molecular crystals; rather,
VR rates have been inferred from dephasing measurements.
It has not been possible experimentally to decompose the
coherence decay into its VR and pure dephasing components
or to measure independently the temperature dependence of
each process.

By using the IR pulses from the FEL, it will be possible to

measure directly the vibrational lifetime of individual .

states. These measurements can be performed by single-
wavelength pump-and-probe or by using more sensitive, al-
beit more sophisticated, methods, such as transient gratings.
In combination with conventional measurements of the opti-
cal line shape, the relative contributions from VR and pure
dephasing are determined. The pure dephasing can be fur-
ther separated into homogeneous and inhomogeneous com-
ponents, and experimental resolution of these two compo-
nents can be performed by using IR photon echoes (see
Subsection 5.D).

The next logical step would be to study the VR process in
several modes of the same molecule. The goal here would be
to develop a qualitative understanding of the relationship
between the amount of excess vibrational energy and the VR
rate, and the dependence of the VR rate on the structure of
the molecule and its crystalline environment.?’ For chem-
ists, it is straightforward to prepare a series of chemical
compounds that differ in structural details or in the way in
which the molecules pack to form a crystal. For example,
one might study the effect on VR of substituting deuterium
for one or more of the hydrogen atoms of naphthalene?® or
investigate the VR of polymers by studying a series of crys-
tals composed of monomer, dimer, trimer, etc.30

The final step would be to apply techniques such as IR
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pump-Raman probe?! to determine the disposition of vibra-
tional energy after it leaves the pumped mode and relate the
dynamics of the vibrational cooling process to such structur-
al parameters.

VR can play an important role in determining the rates of
chemical reactions. This role can be quite direct, for exam-
ple, in I, recombination.3! In this reaction, a fluid solution
of I is excited with visible light, which breaks the I-I bond to
form two iodine atoms. When two atoms meet, they at-
tempt to re-form the chemical bond. However, two atoms
cannot form a chemical bond without the intervention of a
third atom to carry away some excess energy. Thus iodine-
atom recombination in a solvent produces Iy in a highly
excited vibrational state. The loss of this vibrational energy
may be the pivotal step in bond formation. It is greatly
desirable to study photochemical reactions with the FEL.
Nonequilibrium vibrational populations produced by a reac-
tion that is initiated with a visible or UV pulse can be studied
with IR or Raman probing. The most interesting systems
for preliminary work are the simplest, for example, I in the
monatomic solvent liquid xenon. Such experiments will
definitively distinguish the major theoretical models of colli-
sional energy transfer in condensed phases, where many-
body or correlation effects may dominate.

VR may also play a more indirect role in determining the
outcomes of chemical reactions by influencing the motion of
the reactant over the potential barrier. In the total absence
of VR, no reaction occurs. Instead, an excited reactant will
cross the potential barrier in a ballistic manner and will not
fall into the potential well that defines the product state. If
we can increase the rate of VR, the chemical reaction rate
will increase. It will become possible to dissipate the energy
of activation and populate product states. However, the
increase in chemical reaction rate with increasing VR is not
without limit. Ultimately the VR rate becomes large com-
pared with the time required to cross the barrier. In this
case the molecule is rapidly scattered, so its transit over the
barrier becomes diffusive, again reducing the reaction rate.32
Although there is a vast amount of information on the rates
of chemical reactions, this phenomenon has never been sys-
tematically investigated because there is little accompany-
ing information on the analogous VR rates. Itisno exagger-
ation to say that the availability of the two-color FEL would
provide one of the most important new tools that could be
brought to this problem.

B. Surface Science

Surface science is one of the most rapidly advancing scientif-
icareas. Surfaces play an active role in interfacial phenom-
ena, heterogeneous catalysis, corrosion, lubrication, adhe-
sion, and materials processing. A fundamental problem in
surface science is that in most macroscopic materials the
ratio of bulk to surface material is large. There is not much
surface tostudy. Again,the FEL stands out because its high
average power enhances the sensitivity of spectroscopic
methods.

One technique that has played an important role in the
development of modern surface techniques has been the
deposition and subsequent desorption of molecules on clean
surfaces of single crystals. The most common technique is
thermal desorption. However, thermal desorption is not
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highly specific because all chemical adsorbates are heated
equally. The availability of intense, tunable IR radiation
from the FEL suggests the possibility of IR resonant desorp-
tion. If two different chemical species coexist on the same
surface, a laser tuned into a specific vibrational mode of one
species might selectively desorb that species. In other
words, the FEL might be used to perform microscopic sur-
gery on surfaces by selectively removing desired molecules.
The realization of this possibility depends on the vibrational
dynamics of adsorbed molecules. If vibrational energy
transfer from adsorbate to surface is fast, all molecules are
heated equally even if only some of them are pumped by the
laser. If the energy transfer is slower, molecular specificity
will be achieved.33:34

It would also be interesting to compare the VR rates of
molecules adsorbed on surfaces with VR measurements in
bulk media. If the molecule is intimately bonded to the
surface of a solid, its VR might be extremely fast because of
efficient mechanical energy transfer to the bulk. On the
other hand, if the molecule dangles from the surface, VR
might be extremely slow. We can surmise that different
vibrations of the same adsorbate molecule might have vastly
different VR rates, and these rates might have an important
influence on catalytic surface properties.

Recently Heilweil et al. made the first direct measure-
ment of the VR of molecules on surfaces.?> They used a
Nd:YAG-pumped optical parametric oscillator that could be
tuned in the vicinity of 3 um and that produced pulses of
~20-psec duration. This IR pulse served as both the pump
and the probe, and by detecting the delay-dependent atten-
uation of the probe pulse in the geometry of Fig. 3(a) they
determined the lifetime of O—H groups on the surface of
silica, SiOs.

SiOq is a giant molecule consisting of tetrahedral arrays of
SiO groups. The molecule can be terminated at its surface
in several different ways, as shown in Fig. 4. The surface VR
experiments focused on the isolated O—H groups. The
fundamental frequency of O—H is in the vicinity of 3600
cm~! both in silica and in many alcohols. The VR lifetime of
O—H in simple alcohols, for example, methanol, is of the
order of 20 psec, while the lifetime of O—H on the surface of
silica is longer by an order of magnitude, roughly 200 psec.

Heilweil et al. have rationalized the long lifetimes of the
surface groups, using an energy-gap argument. The 3600
cm~! of excess energy must ultimately dissipate into the
bulk silica. However, the vibrational frequencies in the
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Fig. 4. Chemical structure of some of the dangling groups on the
surface of Si0s. Vibrational relaxation measurements of surface
groups by Heilweil et al.35 showed surprisingly long relaxation life-
times.
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bulk are much lower than 3600 cm™1, ranging from 440 to
1060 cm~!. Thus vibrational energy flow out of O—H must
involve simultaneous excitation of at least four bulk modes.
The anharmonic matrix elements that couple different vi-
brational modes decrease rapidly with quantum-number
mismatches, i.e., one mode goes to four modes, and thus the
large energy gap between the O—H mode and the nearest
energetic match at 1060 cm™! is responsible for the long
lifetimes on the surface.

The slow rate of vibrational energy transfer also has some
interesting implications for surface chemistry. Ithas gener-
ally been assumed that catalytic reactions at surfaces occur
in thermal equilibrium, and in this case kinetic rate con-
stants are expected to obey the Arrhenius law, rate «
exp(—E,/kpT), where E, is the activation energy necessary
to surmount the reaction barrier. It was suggested by Heil-
weil et al. that when a molecule is adsorbed onto a surface its
vibrational groups do not instantaneously lose their energy,
so that the vibrational temperature 6, might be much higher
than the bulk temperature T, giving a boost to the chemical
reaction.

These experiments suggest many uses for the FEL in sur-
face science. First it would be interesting to probe the
energy flow into the low-frequency modes of the bulk medi-
um with an IR pump-Raman probe or to probe the VR
lifetimes of the lower-frequency bulk modes, an experiment
that requires IR pulses at lower frequencies than those avail-
able with conventional lasers.

Finally, VR processes accompanying the binding or de-
sorption of surface adsorbates could also be studied with the
FEL. In a preliminary experiment using the Mark III IR
FEL at Stanford University, Tro et al.3® studied the IR
desorption of butane on the surface of alumina. It was
found that excitation of the asymmetric C—H stretching
modes resulted in much more desorption than excitation of
the symmetric C—H stretching modes, indicating either an
interesting orientation effect or a vastly different rate of VR
between the two C—H modes in the same molecule.

Another important laser-surface interaction involves the
process of laser ablation. Intense heating or possibly bond
dissociation, caused by laser irradiation, can be used to ab-
late material off the surface of a solid.3® Laser ablation is a
versatile technique for micromachining of surfaces and is
also used to vaporize nonvolatile materials such as high-T,
superconductors for thin-film deposition. Laser ablation is
an example of a spatially inhomogeneous reaction. In such
reactions it is advantageous to improve the apparatus of Fig.
3(a) by using a spatially sensitive detector that can give an
ultrafast image of the process under study.3” The apparatus
in Fig. 3(a) gives data of the form I(¢4), where [ is an intensity
variable. An ultrafast imaging apparatus, such as that de-
scribed by Kim et al.,3" gives data of the form I(x, y, tg).

Figure 5 is an example of a time sequence of ultrafast
images obtained by using visible light as a probe. The sur-
face of a piece of Plexiglas is irradiated by 100-psec pulses at
intensities of ~50 GW/cm2. The laser pulse has a small
diameter, roughly 50 um, so that ablation from the sample
occurs only in the small volume near the center of the image.
The series of time-dependent images shows the formation of

a hypersonic (roughly mach 20) shock wave propagating
outward radially from the ablation region and, at longer
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Fig. 5. Ultrafast time-resolved images of surface ablation processes obtained by Kim et al.3

delay times, the propagation of a large-amplitude acoustic
wave outward from the center of the image. The mecha-
nism used to observe these laser-produced waves was atten-
uation of a visible probe pulse. This probing technique does
not provide chemical sensitivity, as does IR or Raman spec-
troscopy.

One of the most promising applications of the FEL is its
use as a laser source for ablation, particularly of biological
tissues in surgical applications. One reason for this promise
is that FEL’s provide tunable radiation that can be used to
vary the penetration depth of the incident radiation on the
tissues. A powerful technique for studying such processes
would be the use of the FEL as a source for ultrafast imaging,
using as a probe the tunable IR pulses. For example, with
reference to Fig. 5, the probe could be systematically tuned
into resonance with various chemical compounds such as
H,0, CO, and NHj expected to result from an ablation pro-
cess. In this case it should be possible to produce time- and
spatial-dependent maps of the concentration of each com-
pound.

C. Photobiology and Biophysics

1. Photosynthesis and Vision

Photobiology®® is the study of photochemical reactions in
biological systems, the most noteworthy of which are photo-
synthesis and vision. Most photosynthesis is chlorophyll
based, but there also exists in nature a unique bacterial
photosynthetic system. Bacteriorhodopsin (BR) is the sole
protein contained in the purple membrane from the bacteri-
um Halobacterium halobium, and it has been the focus of
intense investigation both because of its efficiency in synthe-
sizing adenosine diphosphate (ATP) and because the chem-
istry of BR is intimately related to the chemistry of vision.
Bacterial photosynthesis and vision are both based on the
photochemical isomerization of retinal. A diagram of the
BR chromophore is shown in Fig. 6(a). The chromophore
consists of the retinal pigment, which is purple in color and
absorbs throughout the visible spectrum. The pigment is
bound to a membrane-based protein, which is not shown in
detail. If BR is kept in the dark, the chromophore adopts
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Fig.6. Schematic diagrams of two important processes in photobi-
ology (a) Light-induced isomerization of BR is the primary pro-
cess in bacterial photosynthesis. (b) Light-induced photodissocia-
tion and the subsequent rebinding of small ligands such as O, bound
to heme proteins is an important method used to study protein
dynamics.

the cis configuration shown in Fig. 6(a). When BR is al-
lowed to adapt to light, a roughly 50:50 mixture of the cis and
trans isomers is found.38:3%

When BR absorbs a photon, the energy released by the cis-
to-trans isomerization is transferred to the protein and
through a poorly understood chain of events causes a proton,
H*, to be transported across the purple membrane. This
microscopic proton pump creates a potential that is used to
synthesize the high-energy compound ATP from adenosine
diphosphate. The ATP is the fuel for almost all biochemical
reactions. The primary processes in vision occur along simi-
lar lines.

The BR system has been extensively studied by ultrafast
spectroscopy. The initial cis-to-trans isomerization occurs
within just a few picoseconds, but the resulting chemical
reactions continue for milliseconds. Because the absorption
spectrum of BR is broad and nearly featureless, only vibra-
tional spectroscopy has the potential to resolve the structur-
al details occurring at short times. A number of workers
have used resonance Raman and IR spectroscopies to com-
pare the dark- and light-adapted BR. Resonance Raman!®
studies involve Raman scattering from the retinal chromo-
phore using laser light that is in resonance with the S, — Sy
transition. This provides a large increase in effective cross
section and makes it possible to obtain Raman spectra in a
system where the chromophore i not present in high con-
centration. Resonance Raman studies have been performed
on the 25-psec time scale. An important drawback of this
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technique is that it furnished little information about the
protein and membrane, as they are not highly colored and do
not produce a resonance Raman spectrum. Conversely,
conventional Raman studies of the protein and membrane
system are hindered by the chromophore, which absorbs
laser light throughout the visible spectrum. Despite heroic
attempts, time-resolved IR studies of BR have been limited
to the millisecond time scale.?®

Workers in this area have produced a wide variety of
isotopically substituted BR analogs by total synthesis of the
retinal chromophore or by growing the membrane in cul-
tures with isotopically labeled amino acids.3® The biggest
experimental difficulties in this area stem from the lack of
suitable laser sources, again suggesting the importance of
the FEL.

Resonance Raman studies of BR generally involve two
synchronously pumped, cavity-dumped dye lasers.l8 One
laser initiates isomerization, and the other probes the Ra-
man spectrum of the photoproducts. High-repetition-rate
lasers do not produce enough pulse energy to produce suffi-
cient concentrations of products, while low-repetition-rate
lasers do not give good signal-to-noise ratios. The FEL
combines large pulse energies with high repetition rates.
The FEL can also produce these large pulses in the near-IR
region, where high-average-power ultrafast lasers do not yet
exist. Raman scattering using near-IR sources avoids the
strong absorption of the chromophore, permitting observa-
tion of the surrounding protein. This technique would seem
to be an important method to study the details of the inter-
action between the retinal and the protein. For example,
one might initiate the isomerization and use anti-Stokes
probing to try to determine to which protein vibrational
states the energy is transferred most efficiently.

The most effective current method for getting at the de-
tails of protein dynamics involves IR difference spectrosco-
py.3® A protein is a complicated molecule with tens of thou-
sands of normal modes, and the IR spectrum of the protein is
so crowded that few individual features can be distin-
guished. However, when the IR spectrum of a dark-adapted
protein is subtracted from the IR spectrum of a light-adapt-
ed protein, only those vibrational modes that undergo a
significant perturbation on photoisomerization are visible in
the difference spectrum. Dollinger et al. have used this
technique to detect vibrational modes of an amino acid,
tyrosine, which changes in position or intensity on photoly-
sis.?® The most diagnostically useful bands are at ~1480
and ~1277 cm~1, a frequency regime where ultrafast visible—
IR measurements cannot be made with existing laser
sources.

Similar arguments can be made for chlorophyll-based
photosynthetic systems, in which optical excitation of the
so-called antenna pigments is funneled into a special pair of
chlorophyll molecules that undergo ultrafast electron trans-
fer processes.®® It is a fair statement that the photosynthe-
sis community eagerly awaits access to a laser source that is
powerful enough and flexible enough to solve the mystery of
the initial events in photosynthesis and vision.

2. Heme Protein Kinetics

Another interesting area in photobiology is the reaction of
heme proteins with ligands.“® Heme proteins are a versatile
group of proteins that contain heme, an organometallic com-



D. D. Dlott and M. D. Fayer

pound with a highly intense absorption spectrum in the
visible. Heme proteins have many functions in biology,
including the storage and transport of oxygen, hydrocarbon
oxydation, and electron transfer.4°

Figure 6(b) is a schematic diagram of a typical heme pro-
tein. The protein consists of an organoiron complex, the
heme, bound to a globular protein, the globin. A common
heme protein found in blood is hemoglobin (Hb). The Hb
molecule is tetrameric, consisting of four subunits, each sim-
ilar to the monomeric protein diagrammed in Fig. 6(b).

Two extremely interesting aspects of heme protein re-
search are peptide control of the reactivity of the active site
and cooperativity. Different heme proteins possess vastly
different chemical functions, but structurally they are a
good deal alike. Subtle differences in the protein matrix can
dramatically alter the chemistry of the heme. Cooperativity
refers to communication among the tetrameric subgroups of
Hb. When blood Hb is in the lungs, it must eagerly bind
four Oy molecules, but when the O, is required for biochemi-
cal functions, Hb must just as eagerly surrender all four
molecules. When a heme subgroup binds or donates Oy, it
transmits mechanical impulses to the other groups that have
a strong influence on their affinity for Q.40

Photochemical studies of heme-ligand kinetics are illus-
trated in Fig. 6(b). A ligand, usually O5 or CO, is bound to a
heme protein. When irradiated with visible light the heme
is excited, and.the ligand is promptly photodissociated.
The dissociated ligand is propelled into the heme pocket, an
inner cavity in the protein where heme resides. From the
pocket, the ligand might migrate through the protein matrix,
and then through the aqueous medium, to encounter anoth-
erprotein. Alternatively the ligand might rebind directly to
the iron. The direct process is called geminate rebinding.
Heme-ligand kinetics can be studied by photolyzing the
heme-ligand complex and monitoring the reappearance of
the bound complex. Recall that Hb that is bound to Os has
the rich red color of arterial blood, while O-deficient Hb has
the bluish color of venous blood; differential optical absorp-

- tion studies using the apparatus of Fig. 3(a) can measure the
rebinding of ligands to photolyzed heme proteins.4142

Figure 6(b) shows that when Os heme is photolyzed, the
heme group relaxes from a planar configuration (liganded)
to a domed configuration (deliganded). Recent studies
show that this relaxation process occurs within 350 fsec.*?
When the heme domes, it pulls on the globin at several
points of attachment, and this abrupt mechanical impulse is
thought to be capable of influencing the behavior of the
adjacent subunits in the Hb protein.?

Experimental studies of heme-ligand kinetics suffer from
the same problems as photosynthesis studies. Optical stud-
ies provide little information about the details of structural
rearrangements, while resonance Raman studies provide im-
portant information about the heme but little about the
colorless protein matrix. The availability of the FEL again
suggests a number of new experiments. For example, a
visible photon can be used to dissociate heme-ligand com-
plexes, and near-IR Raman probing or IR probing# can be
used to detect the arrival of excess vibrational energy in the
surrounding protein matrix. The IR difference technique
would reveal which protein modes are most strongly affected
by ligand binding. Such experiments would be the first to
reveal the details of this molecular machine, so vital to life,
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which are inaccessible to experimenters armed solely with
conventional laser systems.

D. Optical Coherence

The spectroscopic experiments described in the previous
sections perturb and probe population changes. In at-
tempts to understand the influence of medium dynamics on
the internal degrees of freedom of a molecule in a condensed-
matter system, optical coherence techniques (nonlinear ex-
periments) that examine optical dephasing can be of great
value. Optical dephasing measurements are the time-do-
main equivalent of frequency-domain optical line-shape
measurements. Optical dephasing experiments measure
the influence of the time evolution of the medium on the
internal state energies of the system under consideration.
This in turn can be related to the nature of the structural
evolution of the medium.

Recent theoretical developments with associated experi-
mental methods are revolutionizing the way in which optical
spectroscopy is used and interpreted in the investigation of
solids with time-evolving structures.3-4 In glasses, amor-
phous solids, complex crystals, proteins, and other con-
densed-matter systems, in addition to phonon-induced fluc-
tuations of local mechanical properties, there can be much
slower time-scale structural evolution. The local structures
associated with a glassy or amorphous system, such as a
molecular glass and an amorphous semiconductor, are not
static even at very low temperatures (1.5 K). In glasses,
small potential barriers separate different local mechanical
configurations. Tunneling and thermal activation result in
constantly changing local structures. This isin contrast to a
simple crystal in which phonon-induced fluctuations occur
about a single equilibrium lattice structure.

In addition to direct phonon-induced fluctuations, the
changes in the local configurations of a glass, an amorphous
solid, or a crystal can modulate the electronic or vibrational
state energies of a molecule or atom. If the molecules were
not coupled to the environment, an absorption spectrum
would reveal a line broadened only by the excited-state life-
time, T. Since the chromophore is coupled to the environ-
ment, the energy levels fluctuate. Fluctuations produce a
broader linewidth (frequency-domain description) or alter-
natively a shorter dephasing time (time-domain descrip-
tion). An absorption spectrum of a chromophore in a glass,
an amorphous solid, or a crystal will also be inhomogeneous-
ly broadened. Inhomogeneous broadening is a result of the
wide variety of static local environments. To extract dy-
namical information from the dephasing of excited chromo-
phores, it is necessary to obtain line-shape information with
inhomogeneous broadening removed.

The state energies of chromophores in a complex solid will
be influenced by processes in the medium that range from
the very fast to the totally static. For this reason it is
necessary to consider carefully the sensitivity of various
spectroscopic observables to the distribution of time scales.

Dephasing experiments have traditionally been treated
with optical absorption formalisms. The optical line shape
is proportional to the Fourier transform of a two-time dipole
moment correlation function, while its time-domain equiva-
lent, the optical free-induction decay, is directly proportion-
al to this function. These experiments are sensitive to fluc-
tuations on all time scales. In a solid, the inhomogeneous
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broadening, or static contribution, will mask the dynamical
information of interest. There is an entire class of line-
narrowing experiments, such as photon echoes, accumulated
photon echoes, hole burning, fluorescence line narrowing,
and incoherent photon echoes, that is not described by two-
time correlation functions. Recently the appropriate for-
mulation for the interpretation of line-narrowing experi-
ments has been developed.#345 It has been possible to de-
rive and evaluate the correct correlation functions that prop-
erly describe these experiments. These are four-time corre-
lation functions. 4344

To discuss line-narrowing experiments in detail it is nec-
essary first to consider the photon echo,?"#6 a special and
unique case of all such experiments.** The experimental
apparatus and pulse sequence are depicted in Fig. 7. The
apparatus consists of optical systems for making the appro-
priate pulse sequences, controlling intensities, aiming, fo-
cusing, and delaying the timing between pulses in the se-
quences. The laser is tuned to the wavelength of interest in
the inhomogeneous distribution of energy levels. The first
high-powered pulse in the sequence takes states within the
laser interaction bandwidth and creates a coherent superpo-
sition of the ground and excited states. At time ¢; = 0, the
collection of superposition states has associated with it a
macroscopic polarization. This polarization rapidly decays
owing to the inhomogeneous energy distribution. At time ¢4
= 7 later, a second pulse is directed into the sample at a small
anglerelative to the first pulse. The second pulse affects the
phase relationships among the superposition states in a
manner that reverses the inhomogeneous dephasing process.
At a time ty = 27, the initial phase relationship among the

Experimental Photon Echo Setup

Short delay

-
~4———Long delay——»

Fig.7. Diagram of an experimental apparatus for picosecond opti-
cal coherence measurements. Pulse 2 is directed into a corner cube
mounted on a motorized micrometer-driven translation stage,
which permits precision delays as long as 330 psec. The stage sits
atop a motor-driven carriage mounted upon a precision optical rail,
which permits as much as 10 nsec of delay without optical realign-
ment. VA’s, Variable attenuators; PD, photodetector; BS, beam
splitter.
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superposition states is reestablished. Thus the macroscopic
polarization is regenerated. This macroscopic polarization
produces a third pulse of light, which, because of wave vector
matching conditions, leaves the sample in a unique direc-
tion. The third pulse of light is the photon echo signal. The
echo pulse sequence removes static inhomogeneity from the
optical dephasing measurement. It measures optical de-
phasing induced by random fluctuations on the time scale of
T.

There are two time scales in all the other optical line-
narrowing experiments. The first is 7, as in the echo experi-
ment. The second is a much longer waiting time, Tw. Opti-
cal experiments describable in terms of the four time-corre-
lation functions will eliminate static inhomogeneous
broadening but will be sensitive to slow dynamics on times
up to Tw. For fluorescence line narrowing, Tw is of the
order of the fluorescence lifetime. For accumulated photon
echoes, T'w is of the order of the duration of the string of
pulses used in the experiment, or of the lifetime of a bottle-
neck state, whichever is shorter.4* In a hole-burning experi-
ment, Tw is of the time scale required to write and read the
hole. The photon echo experiment is unique because Ty =
0. Therefore the echo experiment, in a system in which
dynamics occur on a wide distribution of time scales, will
yield the narrowest spectroscopic line. It is sensitive to only
the fastest dynamics on the time scale of 7.

The recent theoretical work provides a detailed under-
standing of what the various experiments actually measure
and shows, contrary to popular belief, that these techniques
are not equivalent. Of more importance is the fact that we
now have a framework for going from the results of a combi-
nation of experiments to a detailed determination of under-
lying dynamics and solid-state interactions. One of the
main points to come from the theoretical investigations is
that a combination of experiments, particularly the photon
echo and the accumulated echo, can provide information
that is impossible to obtain from a single experiment. To
map out the complex dynamics in solids it is necessary to do
experiments on a variety of time scales. The photon echo
provides the fastest time scale. The accumulated photon
echo is a highly flexible method with access to a wide range of
Tw. Unlike other experiments discussed above, the accu-
mulated echo is performed with a micropulse repetition rate
that is fast relative to the time for repopulation of the ground
state. The ground-state recovery is limited by the kinetics
of the bottleneck, often a triplet state. In the discussion
below, we assume a long-lived bottleneck, for example, the 1-
sec lifetime of one triplet sublevel of naphthalene.?® The
apparatus for the experiment is quite similar to that shown
in Fig. 7 except that the individual pulses are replaced by
strings of pulses, where the duration of each string deter-
mines Tw. In a bit of oversimplification, coherences pro-
duced at the beginning of the string contribute to the signal
stimulated by pulses at the end of the string, so the coher-
ence decay is sensitive to slow fluctuations occurring out to
Tw.

By combining photon echoes with accumulated echo ex-
periments it is possible to separate fast fluctuations from
slow structural evolution.** Fast and slow dynamics can be
cleanly separated. By changing the duration of the stream
of pulses in the accumulated grating echo, the distribution of
dynamical processes on different time scales can be investi-
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gated. The theoretical formalism shows that the results of
such an experimental combination directly yield the Laplace
transform of the underlying distribution of rates of the
solid’s dynamical processes.®® This approach is a funda-
mentally new method for examining dynamics in complex
systems.

The FEL, with its ability to produce high-intensity tun-
able picosecond pulses, is ideally suited to perform photon
echoes, accumulated echoes, and other nonlinear experi-
ments on broad classes of interesting materials. These in-
clude the electronic states of amorphous and layered semi-
conductors, vibrational and electronic states of molecules in
solids, vibrational and electronic states of molecules ab-
sorbed on surfaces, vibrational states of proteins, and elec-
tronic states of chromophores in proteins, to name a few.

Glasses are not equilibrium systems like crystals. Amor-
phous silicon is a semiconductor glass. It will not have a
static structural configuration. On time scales much longer
than the phonon-induced homogeneous dephasing time,
slow, thermally induced structural rearrangements will con-
tribute to changes of the energies of localized optical excita-
tions. In discussions of amorphous semiconductors, defect
states are frequently described as if they were a static set of
sites in the sample. Evolution of structure, however, can
cause a deep defect subsequently to become part of the
conduction band, and vice versa. The question of long-
time-scale structural evolution, as opposed to short-time-
scale phonon-induced energy fluctuations, has not been ad-
dressed in amorphous semiconductors and is only beginning
to be addressed in other systems.

The FEL at Stanford University has an optical macro-
pulse structure that is ideally suited to performing both
photon echo experiments and accumulated echo experi-
ments. For these measurements, a string of pulses with
variable pulse number is required. A pulse switch can be
used to create strings with durations as long as the macro-
pulse period, ~10 msec in the visible. In the vibrational IR,
the FEL can be operated continuously, so there is no limit to
the duration of the pulse string.

In addition to the accessibility of IR wavelengths, the
pulse structure of the FEL makes it desirable for performing
nonlinear-optical experiments. The FEL can produce
pulses that are short (2 psec) and have microjoule energies.
Conventional lasers can produce short high-energy pulses
but only at low repetition rates. An experiment such as the
accumulated echo requires a string of closely spaced pulses.
This is available in the visible only at low pulse energies,
which limits the usefulness of the pulse sequence. It is not
available at all in the IR.

Electronic transitions of atoms and molecules have been
the focus of most picosecond optical coherence experiments.
Such experiments have been conducted using wavelengths
in the visible spectrum because of the limitations of conven-
tional picosecond lasers. The FEL, however, can now pro-
vide picosecond pulses of megawatt peak powers far into the
IR. In addition to the experiments on localized electronic
states in glasses described above, the FEL can be used to
extend optical coherence experiments to vibrational states
of molecules in condensed-matter systems.

In a complex system of molecules, i.e., a glass, a crystal, or
a surface, dynamical intermolecular interactions play a fun-
damental role in determining system properties. Photon
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echo experiments on optical chromophores in glasses are
providing detailed information on the influence of a glass’s
two-level system*” dynamics on the electronic states of chro-
mophores.*3*8 These experiments yield only indirect infor-
mation on the dynamics of the two-level systems themselves.
By performing photon echo experiments on the vibrational
states of the molecules that form a glass, it should be possible
to obtain more direct information on the glass. Comparison
between the temperature-dependent dephasing of vibra-
tional modes of the glass molecules (such as the O—H
stretching mode of ethanol in an ethanol glass) and the
optical dephasing of a localized electronic state in the same
glass will greatly increase our understanding of solvent dy-
namics and the influence of solvent dynamics on electronic
state energies.

Another important area of condensed-matter research is
the dynamics of molecules or molecular groups on surfaces.
The application of photon echo and accumulated echo ex-
periments to molecules on surfaces has the potential to re-
veal the dynamics and nature of interactions between the
surface and the molecules. An interesting system for study,
for example, would be the silica surface OH groups in Fig. 4.
Recent IR spectroscopy experiments have provided provoc-
ative insights into this system.? By doing combinations of
picosecond photon echo and picosecond transient grating
experiments on the OH stretching mode as a function of
temperature, it will be possible to obtain information on the
population and dephasing dynamics of this group bound to
the surface. A distinct but related experiment is to examine
CO bound to the iron in heme proteins,?® using photon echo
experiments. By performing the photon echo on the CO
stretching mode, it should be possible to investigate the
nature of the heme and protein motions that couple to the
CO.

The experiments to examine vibrational dynamics in
glasses, surfaces, and proteins will require tunable IR radia-
tion at wavelengths appropriate to excite the vibrational
fundamental modes of the groups of interest. These will be
in the range of 3 to 15 um. In addition, it is necessary to
have picosecond pulses with sufficiently high peak power to
perform optical nonlinear experiments. These require-
ments make the FEL well suited for this type of research.
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