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Molecular vibrations have oscillation periods that reflect the
molecular structure, and are hence being used as a spectroscopic
fingerprint for detection and identification. At present, all non-
linear spectroscopy schemes use two or more laser beams to
measure such vibrations'. The availability of ultrashort (femto-
second) optical pulses with durations shorter than typical mol-
ecular vibration periods has enabled the coherent excitation of
molecular vibrations using a single pulse’. Here we perform
single-pulse vibrational spectroscopy on several molecules in the
liquid phase, where both the excitation and the readout processes
are performed by the same pulse. The main difficulty with single-
pulse spectroscopy is that all vibrational levels with energies
within the pulse bandwidth are excited. We achieve high spectral
resolution, nearly two orders of magnitude better than the pulse
bandwidth, by using quantum coherent control techniques. By
appropriately modulating the spectral phase of the pulse we are
able to exploit the quantum interference between multiple paths
to selectively populate a given vibrational level, and to probe this
population using the same pulse. This scheme, using a single
broadband laser source, is particularly attractive for nonlinear
microscopy applications, as we demonstrate by constructing a
coherent anti-Stokes Raman (CARS) microscope operating with
a single laser beam.

Nonlinear coherent vibrational spectroscopy has evolved during
the last two decades as a result of the availability of short pulse
sources, the high peak power of which enables detection of the
inherently weak nonlinear signals™’. This includes a family of
nonlinear processes, typically involving a third-order nonlinearity
(that is, three exciting photons) and a Raman active vibrational
level. The most commonly used scheme is CARS, the energy level
diagram of which is shown in Fig. 1a. In this process, two photons
with frequencies w; and w, excite a vibrational level at an energy
h(w; — wy). A third photon at w; interacts with the excited level to
emit a signal photon at a frequency (w; + w3 — w,). Typically, two
narrow-band (narrower than the typical linewidth of Raman levels,
corresponding to picosecond pulses) beams are used, exciting only
Raman levels in resonance with their energy difference (in this case
w; = w3). Time-resolved CARS is a variant in which several Raman
levels are simultaneously populated by one or two large bandwidth
excitation pulses* and probed by a delayed probe pulse.

This work demonstrates that the entire CARS process can be
incorporated within a single ultrashort pulse. All three photons
required for the process are supplied by the same short optical pulse,
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while quantum coherent control techniques are implemented to
restore the high spectral resolution. Furthermore, this technique
can overcome the strong nonresonant background which typically
accompanies CARS with femtosecond pulses®.

In coherent control, constructive or destructive interference is
induced between the different paths leading to a final quantum
state, to manipulate the outcome of a light-matter interaction®®.
Control of the simplest nonlinear system, a nonresonant two-
photon transition between two levels, was demonstrated by Weiner
et al.’ for a Raman transition, and by Meshulach and Silberberg'’® for
two-photon absorption. Control over more complicated systems
often involves the use of adaptive techniques'', where the spectral
phase is determined by a feedback optimization procedure. This
approach has been applied to a variety of systems, such as selective
chemical bond breaking'?, high-harmonic generation', and con-
trolling the shape of a quantum wavefunction'. Spectral resolution
enhancement of the standard two-beam CARS excitation scheme by
means of coherent control has recently been demonstrated™'.

In our experiment we control the population of vibrational
energy levels by controlling the spectral phase of a single broadband
pulse. The population of a vibrational level at energy 2y is
proportional to | [ dwE(w)E*(w — 2)I?, where E(w) = |E(w)|e®«)
is the complex spectral amplitude of the applied field. Each level is
thus excited by all frequency pairs separated by 2. The interference
between the multiple paths leading to the population of the level 2y
is determined by the relative phase of each contribution $(w)—
®H(w — ). Constructive interference is achieved when ®(w)=
P(w — Q) for all frequency components of the excitation pulse.
For a transform-limited pulse (all frequency components having the
same phase) this holds for all values of £y, and so spectral resolution
is lost. However, when the spectral phase is modulated periodically
with a period £, constructive interference is induced for all energy
levels where 2y = N (where N is an integer). We note that a
periodic spectral phase is equivalent to splitting the pulse in time
domain to several equally spaced pulses, each delayed by 7= 27/ (.
A coherent population can indeed be built up only if these pulses are
separated by an integer number of vibrational periods. By carefully
choosing the periodic function it is possible exclusively to populate
one Raman level within every frequency octave’. In our experiment
the excited level population is probed by the excitation pulse itself. All
frequency components participate, and the CARS spectrum is there-
fore similar to the original spectrum, upshifted by the level energy.

The measured signal consists of two components: a nonresonant
contribution"?, and a resonant Raman contribution. The nonreso-
nant contribution is due to the instantaneous electronic response of
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Figure 1 Graphic description of the coherent anti-Stokes Raman (CARS) process and the
experimental set-up. a, Energy-level scheme of the single-pulse CARS process. The pulse
spectrum, blocked on the high-frequency end, has a bandwidth larger than the vibrational
energy level. b, Diagram of the experimental set-up. The pulse shaper is used to apply the
desired phase function by the computer-controlled spatial light modulator (SLM), and to
block the high-energy end of the spectrum. The spectral resolution of the shaper is of the
order of 0.5 nm. The sample is illuminated by a microscope objective. The CARS signal at
higher frequencies, blocked in the incoming pulse, is measured by the photomultiplier
tube (PMT). The incoming 20-fs pulses from the Ti:sapphire oscillator are shaped into a
pulse train by a periodic phase modulation.
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the medium and is determined by the peak intensity of the pulse. For
such short pulses it is typically over an order of magnitude stronger
than the resonant contribution®. Suppression of this background
signal is therefore crucial to the observation of any resonant signal.
Pulse shaping thus serves two ends, both as a method to excite
selectively a vibrational level, and to suppress the nonresonant back-
ground, which is maximized by a transform-limited pulse'®, and is
weaker for shaped pulses, in which the peak intensity is reduced.
We demonstrate this principle in CARS spectroscopy of several
simple molecules in the liquid phase. Our experimental system
consists of a mode-locked Ti:sapphire laser emitting 20-fs trans-
form-limited pulses at 80 MHz, a programmable pulse shaper'’, and
a photodetector, as shown in Fig. 1b. The Fourier-transform pulse
shaper is used both to apply the desired phase to each frequency
component of the pulse, and to block the higher frequencies, which
may overlap the CARS signal. The sample is illuminated by total
bandwidth of 75nm, equivalent to an energy span of about
1,100 cm ™", After passage through the sample, the excitation pulse
is filtered out, and the CARS signal at the high-frequency end is
measured. This system is suitable for CARS spectroscopy in the range
of about 400-800 cm ™, typical of carbon—halogen bond stretching'.
The lower limit stems from the technical requirement to filter out the
excitation pulse, and the upper limit is due to the total bandwidth.
To measure the Raman spectrum, a sinusoidal spectral phase
function is applied to the pulse. The spectrum is obtained by
monitoring the total CARS signal, while varying the phase-function
periodicity. This, in turn, leads to a nearly sinusoidal variation in the
population of any single vibrational level. For a sample with no
Raman levels in the measurable range, such as methanol (see Fig.
2a), we merely observe the monotonically decreasing nonresonant
signal as the number of oscillation periods is increased. When a
sample with a single resonant level, such as CH,Br, (resonant at
577 cm” ', see Fig. 2b) is measured, the signal oscillates. The signal
peaks each time the Raman level energy is commensurate with the
spectral modulation period. For materials with more than one
resonant level, such as (CH,Cl), (resonant at 652cm ' and
750 cm ™', see Fig. 2c) beats are observed in the signal. The
Raman spectrum is obtained by Fourier transformation of the
measured signal, as shown in the insets of Fig. 2. The spectral
resolution of the Fourier transform operation is better than the
pulse bandwidth by a factor of 40 (that is, about 30 cm™"). It is
limited by the maximal number of phase modulation periods on the
spatial light modulator (SLM), technically determined by the
number of pixels on the SLM. Thus, spectral resolution is optimized
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Figure 2 Single-pulse CARS spectroscopy of various organic molecules in the liquid
phase. The CARS signal intensity is shown as a function of the number of periods of the
sinusoidal phase across the SLM for: a, methanol; b, CH,Br»; ¢, (CH,Cl),. The insets show
the respective measured Raman spectra, derived by Fourier transformation of the
intensity curves. In methanol (a), which has no resonance at the measured frequency
range, only a monotonically decreasing nonresonant signal is observed. In CH,Br, (b),
which has a single resonance at 2 = 577 cm~", the signal peaks periodically, whenever
the modulation period is an integer fraction of . The Fourier transform operation
retrieves the resonance with a resolution that is inversely proportional to the number of
observed periods. In (CH,Cl), (¢), beating between the 652 cm ™" and the 750cm ™"
levels is observed.

NATURE | VOL 418 | 1 AUGUST 2002 | www.nature.com/nature

%4 © 2002 Nature Publishing Group

letters to nature

by use of a simple sinusoidal phase function.

To achieve maximal contrast between the resonant signal and the
nonresonant background, however, more complex periodic phase
functions should be applied. The contrast is improved by breaking
the single pulse to a train containing more pulses, each having a
lower energy content, thus reducing its peak intensity. This is
achieved by adding higher harmonic orders to the applied phase
functions. In Fig. 3 we show how, by using a phase function
containing only one additional harmonic, it is possible to attenuate
the nonresonant background by nearly two orders of magnitude,
while retaining the resonant component. The achieved contrast
between the resonant signal and the nonresonant background is
thus greatly improved. In fact, using shaped pulses we obtain a
predominantly resonant signal, larger by a factor of about four than
the nonresonant signal. Such phase functions should be applied
when attempting to detect molecules with a known level structure.

Owing to their strong dependence on the local field, nonlinear
optical processes are ideal for depth-resolved microscopy. This idea
was first implemented for two-photon fluorescence microscopy'?,
later used for nonresonant third-harmonic generation pro-
cesses'”?’, and has been recently extended to CARS* . CARS
microscopy has the potential for studying live biological specimens
while gathering three-dimensional information on their molecular
structure. Until now, however, CARS microscopes required two or
three narrow-band sources. Here, we demonstrate single-pulse
spectrally resolved microscopy. The sample consists of a glass
capillary plate with 10-um holes filled with CH,Br, (resonant at
577cm” ). It was raster-scanned around the focused laser beam
using computer-controlled piezoelectric drivers. The image in Fig.
4a was taken with a pulse shape maximizing the relative intensity of
the resonant contribution, whereas the image in Fig. 4b was taken
with a pulse shape minimizing this intensity. The predominantly
resonant signal from the filled holes in Fig. 4a is larger by a factor of
four than in Fig. 4b, and the signal from the glass is very similar.
Figure 4c shows the difference between Fig. 4a and b, depicting the
signal from the 577 cm ™' vibrational level of CH,Br,. This image
appears inverted relative to that obtained using a transform-limited
pulse (Fig. 4d), where the glass, having a larger nonresonant signal,
appears brighter. The image in Fig. 4c demonstrates the ability of the
microscope to spectrally resolve the Raman resonant contribution
of a single vibrational level. In a practical system, the difference
image could be directly measured by lock-in detection, alternating
the phase masks of Fig. 4a and b at a high frequency.

For materials having more than one vibrational level it is possible
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Figure 3 Demonstration of the nonresonant background suppression. The CARS signal
intensity is shown as a function of the number of phase oscillation periods across the SLM
for both a sinusoidal phase function (grey line) and a phase function containing an
additional harmonic component (solid line). The CARS signal is plotted relative to that
obtained by a transform-limited pulse (0 phase function oscillations). Results are for:

a, methanol (nonresonant component only); b, CHsl (a single resonance at 523 cm ™).
Suppression of the nonresonant background by nearly two orders of magnitude is
achieved (@), while the resonant component is almost completely restored. To achieve
adequate suppression of the nonresonant background at least several oscillation periods
of the phase function across the pulse spectrum are necessary.
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Figure 4 Depth-resolved single-pulse CARS images of a glass capillary plate with 10-pm
holes filled with CH,Br, (resonant at 577 cm ™). The average laser power was about
5mW. a, Image obtained using a shaped pulse (similar to the high-contrast one in Fig. 3)
maximizing the resonant contribution of the CH,Br, 577 cm ™~ level, while reducing the
nonresonant contribution. b, Image obtained using a shaped pulse minimizing the
resonant contribution of the CH,Br, 577 cm™" level. ¢, Difference image, obtained by
subtraction of a and b. This procedure retains only the 577 cm ™ resonant component. The
image appears inverted relative to an image obtained using a transform-limited pulse (d),
because a resonant signal appears only in the hole regions containing CH,Br» whereas the
nonresonant signal is stronger in the glass. The 45 pm X 45 pm images were obtained
using an objective of numerical aperture 0.65, at a rate of 30 ms per pixel. The images are
plotted using an arbitrary scale, although in @ and b the same scale is used.

to improve the detection selectivity by tailoring shaped pulses to
induce constructive quantum interference of these levels. A simple
example is the shape used to obtain peaks in the beat signal of Fig.
2¢, where the resonant contributions of two levels of (CH,Cl),
constructively interfere.

Our experiment shows how single-pulse vibrational microspec-
troscopy can be readily achieved by using coherent control tech-
niques. By tailoring the spectral phase of an ultrashort pulse, we are
able to control the interference between the various spectral
components of the pulse, leading to selective population of given
vibrational energy levels. By applying this principle, we have
demonstrated a robust method for high-resolution spectroscopy,
nearly two orders of magnitude greater than the spectral bandwidth,
in the vibrational energy range 400-800 cm ™. This method is easily
extendable to the fingerprint region (1,000-1,500 cm™ ') by using
slightly shorter pulses, available in commercial systems today.
Single-pulse CARS is particularly suitable for nonlinear microscopy.
In contrast to conventional nonlinear CARS microscopy, which
requires two synchronized tunable sources, single-pulse CARS
requires only a single ultrashort laser that does not need to be
tuned. The spectral measurements are performed with an electro-
nically controlled SLM. Moreover, it can be easily combined with
other nonlinear microscopic methods such as multiphoton fluor-
escence and third-harmonic generation using the same microscope
set-up. The concept of performing a nonlinear optical interaction
with matter in a single coherently controlled pulse offers a prom-
ising alternative to standard multiple-pulse nonlinear systems in use
today. We believe that combined with present-day sources, covering
most of the optical spectrum in a single pulse, this concept will have
a significant impact on nonlinear spectroscopy and microscopy
applications. ]
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Crude oil is an important feedstock for the petrochemical
industry and the dominant energy source driving the world
economy, but known oil reserves will cover demand for no
more than 50 years at the current rate of consumption'. This
situation calls for more efficient strategies for converting crude
oil into fuel and petrochemical products. At present, more than
40% of oil conversion is achieved using catalysts based on

NATURE | VOL 418 | 1 AUGUST 2002 | www.nature.com/nature




