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APPARATUS AND METHOD FOR RAMAN 
SPECTROSCOPY AND MICROSCOPY WITH 

TIME DOMAIN SPECTRAL ANALYSIS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims priority from, and is a 35 U.S.C. 
§1 1 1 (a) continuation of, co-pending PCT international appli 
cation serial number PCT/US2007/065393, ?led on Mar. 28, 
2007, incorporated herein by reference in its entirety, Which 
claims priority from US. provisional application Ser. No. 
60/787,129 ?led on Mar. 28, 2006, incorporated herein by 
reference in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

Not Applicable 

INCORPORATION-BY-REFERENCE OF 
MATERIAL SUBMITTED ON A COMPACT DISC 

Not Applicable 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention pertains generally to vibrational spectros 

copy, and more particularly to an apparatus and method for 
Raman spectroscopy including sample exposure to a chirped, 
pulsed probe beam and a Raman pump beam Wherein tem 
poral dispersion is employed to transform the Raman-scat 
tered light into a time-domain Waveform Which is electroni 
cally detected and preferably converted to digital signals. 

2. Description of Related Art 
Raman spectroscopy is Widely used to study and identify a 

variety of biological, mineral, and chemical species. It is a 
poWerful tool because it can uniquely identify molecules in 
complex mixtures and chemical environments, alloWing for 
molecular ?ngerprinting and determination of relative con 
centration. Raman spectroscopy is a type of vibrational spec 
troscopy that observes radiation called the Raman spectrum 
scattered from an applied beam of light called the pump. 

It has been observed that When a light beam is directed on 
a sample, photons are either absorbed by the sample material 
or scattered. Most of the photons are elastically scattered and 
have the same energy, frequency, and Wavelength as the inci 
dent photons. This process is knoWn as Rayleigh scattering. 
HoWever, a small fraction of the incident radiation is inelas 
tically scattered from optical phonons and shifted to different 
Wavelengths and frequencies. This process is called Raman 
Scattering. The majority of Raman scattered photons shift to 
Wavelengths, called the Stokes Wavelengths, Which are longer 
than the incident Wavelength. A minority of Raman scattered 
photons shift to Wavelengths, called the anti-Stokes Wave 
lengths, Which are shorter than the incident Wavelength. 
Stokes scattering is more intense than anti-Stokes scattering 
because the Boltzmann occupation factor of vibrational 
energy levels above the ground state is small. 

The Raman effect occurs When an incident photon interacts 
With the electric dipole of a molecule resulting in an energy 
transition from the molecular vibrations. With Stokes scatter 
ing, a vibrational transition is induced When a photon strikes 
the molecule and is re-emitted at a longer Wavelength because 
some of the original energy of the photon has been transferred 
to the molecule. In the case of anti-Stokes scattering, the 

20 

25 

30 

35 

40 

50 

55 

60 

65 

2 
photon takes up part of the vibrational energy of a molecule, 
Which is already in a higher vibrational state, and is emitted at 
a shorter Wavelength. Therefore, Raman scattering arises 
from changes in the vibrational energy of the target sample 
molecule. Although vibrational Raman scattering is the most 
commonly studied form, rotational and electronic Raman 
scattering are also possible. The vibrational energy levels of a 
molecule are dictated by the masses and other properties of 
the constituent atoms, bond strengths, hydrogen bonding and 
inter-molecular interactions, molecular geometry, and the 
chemical environment. The spacing betWeen the vibrational 
energy levels of the sample molecule is equal to the difference 
betWeen the energy of the incident photon and the Raman 
scattered photon. 
A Raman spectrum is a plot of the intensity of the Raman 

scattered light as a function of the difference in energy (fre 
quency) betWeen the incident radiation and the Raman scat 
tered radiation. The difference in frequency betWeen the inci 
dent and Raman radiation is independent of the frequency of 
the incident radiation. 

Accordingly, Raman interaction involves the coupling 
betWeen pump (incident), Stokes, and anti-Stokes radiation 
mediated by optical photons in a Raman-active medium. In 
spontaneous Raman scattering, a pump beam With frequency 
(up traveling through a Raman medium scatters off of atomic 
or molecular vibrations and/ or rotations, Which are oscillat 
ing at frequency 00V. This scattering process creates a small 
amount of optical radiation at the neW frequencies uuS:u)P— 
00 V and wGSIwP+w V representing the Stokes and anti-Stokes 
frequencies, respectively. 

In the spontaneous situation, the amount of radiation scat 
tered into the anti-Stokes mode is much smaller than that 
scattered into the Stokes mode because at equilibrium, most 
of the population occupies the loWest vibrational level. The 
Stokes radiation is also much Weaker than the pump (typically 
their relative intensities are 10'6 if the interaction length is 1 
cm.) HoWever, the intensity of the scattered Stokes radiation 
can be greatly enhanced if the interaction is stimulated by 
some initial injection of radiation at the Stokes frequency. In 
this stimulated Raman scattering (SRS) process, a siZable 
fraction of the pump radiation can be converted to the Stokes 
mode. In the general case, the ?eld amplitudes of the Stokes 
and anti-Stokes modes obey the folloWing coupled differen 
tial equations: 

Where AS and Aas are the sloWly-varying amplitudes of the 
Stokes and anti-Stokes Waves, as and (Xas are the gain/non 
linear absorption coef?cients (on Raman resonance, as<0 
and (XaS>0), KS and Kas are the coupling coef?cients betWeen 
the modes, and Ak is the Wave vector mismatch betWeen the 
pump, Stokes, and anti-Stokes Waves. If Ak is large, phase 
matching does not occur and the Stokes and anti-Stokes 
amplitudes are decoupled from one another. In this case, the 
Stokes Wave experiences gain, and the anti-Stokes Wave 
experiences loss. This case is referred to as stimulated Raman 
scattering (SRS). If AkIO, the modes are coupled and appre 
ciable amounts of Stokes and anti-Stokes radiation can be 
created. In this situation, a Stokes seed causes radiation to be 
scattered into the anti-Stokes mode through coherent anti 
Stokes Raman scattering (CARS) and an anti-Stokes seed 
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causes radiation to be scattered into the Stokes mode through 
coherent Stokes Raman scattering (CSRS). 

The typical Raman analysis instrument is composed of at 
least three parts: a light source, a scattered photon collector, 
and a spectrometer. The light source is typically a laser Which 
generates a coherent beam of monochromatic light that can be 
used as a Raman pump. Furthermore, since laser radiation can 
be tightly focused onto a sample, a high degree of spatial 
resolution (i.e., microscopy) can be achieved in the analysis. 
The spatial resolution canbe especially large for the intensity 
dependent interactions of nonlinear Raman scattering 
because the interaction is strongest in the part of the beam 
Which is most intense. 

The scattered photons from the pump laser are collected by 
a photon collector. The collector typically may be designed to 
preferentially collect the Raman scattered light over the 
unWanted background signals, such as ?uorescence. The col 
lected Raman scatter is sent to the spectrometer. In conven 
tional Raman spectroscopy (stimulated and spontaneous), the 
scattered light is typically analyZed by a grating-slit spec 
trometer. In this ubiquitous device, light is spatially separated 
into its spectral components by an optical grating and a slit 
scans across the separated components to determine the rela 
tive intensity of light at each frequency. The detector records 
the intensity of the Raman signal at each Wavelength and plots 
the data as a Raman spectrum. 

Unfortunately, since spectrometers usually require some 
type of mechanical scanning to sample the spectrum of the 
light, they have long acquisition times and require a continu 
ous-Wave or repetitive light source (i.e., they are unable to 
detect single ultra-fast pulses of optical radiation). Further 
more, the spectral resolution of the apparatus is typically 
related to the siZe of the spectrometer. Therefore, progres 
sively larger, more expensive instruments are required to 
achieve greater spectral resolution, Which prevents integra 
tion into microchip-scale electronics. 

To perform fast acquisition, a multichannel array of pho 
todetectors, often With post-detection ampli?ers, may be used 
to simultaneously detect the entire spectrum. In this con?gu 
ration, the system suffers from individual element mis 
matches, a problem that limits the dynamic range of the 
system. These mismatches are particularly dif?cult to cali 
brate When fast single-shot detection is desired. Speci?cally, 
the large RF bandWidth required of the detection circuitry 
renders calibration very dif?cult. The problem is someWhat 
similar to the interchannel mismatch problem Which limits 
the dynamic range of multi-channel A/D converters. 

Accordingly, there is an increasing need for high through 
put Raman instruments for screening rare cell types, biomol 
ecules, unknowns and chemical compounds With minimal 
sample preparation. There is a further need for miniaturized 
Raman spectrometers and instruments that have single-shot 
measurement capability. Such devices can be used, for 
example, in situations Where continuous exposure to high 
intensity light could destroy the sample. There is also a need 
for a Raman spectrometer that is less sensitive to ?uorescence 
that can normally mask the Weaker Raman signals. The 
present invention meets these needs as Well as others and is a 
signi?cant improvement over the art. 

BRIEF SUMMARY OF THE INVENTION 

The present invention is an apparatus and method of mea 
suring stimulated Raman scattering (SRS), coherent anti 
Stokes Raman scattering (CARS), coherent Stokes Raman 
scattering (CSRS), and other Raman-type spectra of atomic, 
molecular, and crystalline species. The method utiliZes dis 
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4 
persion to convert an optical spectrum into a Waveform Which 
can be detected directly in the time domain Without the use of 
a conventional spectrometer. In the case of stimulated Raman 
spectroscopy, for example, the method exposes a sample to a 
pulsed probe beam and a Raman pump beam and the resulting 
Raman spectra is chirped, detected by an optical detector in 
the time domain, and analyZed. Alternatively, the pulsed 
probe may be chirped prior to incidence on the sample or both 
before and after stimulated scattering from the sample has 
occurred. In the preferred embodiment, the optical detector 
converts the Raman spectra into to an electronic signal that 
can be ampli?ed and processed. The all-electronic spectrum 
analyZer eliminates the need for a traditional optical spec 
trometer. 

Additionally, the apparatus and method provides a built-in 
rejection of ?uorescence that normally can mask the Weaker 
Raman signals. It can also be used to capture the Raman 
spectrum of a single molecule as it evolves. These features 
make it especially useful for analyZing samples in applica 
tions requiring high throughput, in applications Where con 
tinuous exposure could destroy the sample, in applications 
Where the chemical/physical state of the sample is rapidly and 
irreversibly evolving, and in applications Where the physical 
siZe of a traditional optical spectrometer cannot be accom 
modated. It is also a particularly useful tool for identi?cation 
of unknoWn samples, as Well as detection of chemical com 
pounds, biomolecules, and rare cell types (e.g., cancer cells) 
With minimal sample preparation. This technique is also 
extremely versatile because it is not anchored to any speci?c 
visible, infrared, or ultraviolet Wavelengths. 

According to one aspect of the invention, an apparatus and 
method are provided that alloW a single-shot “snapshot” of a 
Raman spectrum to be measured in the time domain. The 
single-shot capability of the invention can be used to study 
chemical reactions directly in the time domain, Without the 
need for repetitive analysis. This capability may be needed, 
for example, When the sample volume is small or When the 
chemical reaction under study is irreversible (i.e., to study the 
temporal evolution of a chemical species participating in an 
irreversible reaction). In these situations, it may not be pos 
sible to run the reaction repetitively or measure the spectra of 
the molecules at any one moment in time With conventional 
pump-probe spectroscopic methods, Which require repeti 
tive-Waveforms and rely on temporal reconstruction. 
The apparatus and methods of the present invention can be 

used to acquire spectral snapshots of the reaction at speci?c 
time intervals, using a single pump-probe pulse pair for each 
snapshot. Since both the snapshot frequency (determined by 
the pulse repetition rate) and the effective shutter speed (de 
termined by the temporal Width of the probe pulse) can be 
extremely fast, it is possible to study the temporal dynamics 
of ultra-fast reactions directly. 

These techniques can also be used in combination With 
tip-enhanced Raman microscopy to study the dynamics of 
single molecules With single-shot temporal resolution. 
According to another aspect of the invention, the single-shot 
capability of the invention combined With the ultra-high reso 
lution of Raman and tip-enhanced Raman microscopy alloWs 
microscopic spatio-temporal imaging. Since a Raman spec 
trum of each spatial domain can be acquired With a single 
pump-probe shot, a complete image of the sample can be 
formed by sWeeping the lasers across the sample (or vice 
versa) at extremely high speed. Because each complete spa 
tial scan can be completed relatively quickly, the image rep 
resents a snapshot of the complete sample in time (With a 
temporal resolution determined by the time it takes to make a 
complete scan). Thus, the image consists of tWo spatial 
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dimensions plus the time dimension (a three-dimensional 
image). This technique can be performed in all three spatial 
dimensions With time resolution. For example, With three 
spatial dimensions plus time, provides 4D imaging. 

According to another aspect of the invention, an apparatus 
and method is provided that alloWs sensing and detection of 
biochemical molecules using the high-resolution, single-shot 
capabilities of the invention. Matched detection techniques 
can be incorporated in order to increase detection e?iciency 
and effectiveness. Furthermore, practical implementations of 
the invention should be relatively loW cost, making Wide 
spread deployment of these bio-detectors feasible. 

Another aspect of the invention is to provide an apparatus 
and method for high throughput screening of cancer and other 
rare cell types, and biochemical sensing and combinatorial 
chemistry With high throughput and matched detection. 
A further aspect of the invention is to provide an apparatus 

utiliZing Raman post-ampli?cation and incoherently 
pumped Raman post-ampli?cation of spectroscopic signals. 

Further aspects of the invention Will be brought out in the 
folloWing portions of the speci?cation, Wherein the detailed 
description is for the purpose of fully disclosing preferred 
embodiments of the invention Without placing limitations 
thereon. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

The invention Will be more fully understood by reference 
to the folloWing draWings Which are for illustrative purposes 
only: 

FIG. 1 is a How chart of one embodiment of the method for 
Raman spectroscopy according to the present invention. 

FIG. 2 is a schematic block diagram of one embodiment of 
the chirped Wavelength encoding and electronic time-domain 
sampling apparatus according to the present invention. 

FIG. 3 is a schematic block diagram of an alternative 
embodiment of the chirped Wavelength encoding and elec 
tronic time-domain sampling apparatus of FIG. 2 With coher 
ent detection using a chirped local oscillator pulse and rela 
tive delay. 

FIG. 4 is a schematic block diagram of an alternative 
embodiment of the chirped Wavelength encoding and elec 
tronic time-domain sampling apparatus according to the 
present invention With time-division multiplexing of the 
probe pulse prior to dispersion. 

FIG. 5 is a schematic block diagram of an alternative 
embodiment of the chirped Wavelength encoding and elec 
tronic time-domain sampling apparatus of FIG. 2 With stimu 
lated matched detection using an electro-optic modulator. 

FIG. 6 is a schematic diagram of tip-enhanced Raman 
microscopy apparatus according to the present invention. 

FIG. 7 is a detailed section of the schematic diagram of 
tip-enhanced Raman microscope of FIG. 6. 

FIG. 8 are graphs of the stimulated Raman spectrum of a 
silicon Waveguide at different pump poWer levels. 

FIG. 9 is a graph of a non-repetitive signal generated by 
stimulated Raman scattering in a silicon Waveguide sample 
using an unstable supercontinuum probe. 

FIG. 10 are experimental results of ASE-pumped Raman 
post-ampli?cation applied to detect a Weak signal using the 
apparatus of FIG. 2. 

DETAILED DESCRIPTION OF THE INVENTION 

Referring more speci?cally to the draWings, for illustrative 
purposes the present invention is embodied in the apparatus 
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6 
and method generally shoWn in FIG. 1 through FIG. 10. It Will 
be appreciated that the apparatus may vary as to con?guration 
and as to the details of the parts, and that the methods may 
vary as to the speci?c steps and sequence, Without departing 
from the basic concepts as disclosed herein. 

Turning ?rst to FIG. 1 a block diagram of one of the 
methods of the invention is shoWn. Although a method 10 for 
stimulated Raman spectroscopy is shoWn in FIG. 1, the 
method and apparatus can be adapted to other Raman-based 
spectroscopic techniques such as coherent anti-Stokes 
Raman scattering (CARS), coherent Stokes Raman scattering 
(CSRS), spontaneous Raman scattering and others. In the 
embodiment shoWn in FIG. 1, a sample is exposed to a 
chirped broadband pulse at Block 12 and an intense, prefer 
ably narroW-band, Raman pump pulse at Block 14. The 
resulting Raman spectra is detected at Block 16 and prefer 
ably converted to an electronic signal that can be processed 
and analyZed at Block 18. The Raman spectrum scattered 
from the sample is mapped into a time-domain Waveform. 
At Block 12, a sample is exposed to at least one probe beam 

of chirped, pulsed light. The source of light is preferably a 
supercontinuum that is directed through a temporally disper 
sive element such as an optical grating, optical ?ber, chirped 
mirror or ?ber Bragg grating, prism, etc. Alternatively, a 
direct source of chirped light may be used. The probe pulse 
may be optically ampli?ed and ?ltered prior to dispersion. 
The probe Wavelengths or ranges of Wavelengths should be 
selected to include the Raman resonance frequencies of the 
sample under investigation given the particular pump Wave 
length. The constituent frequencies of the chirped, pulsed 
probe beam are temporally distributed in a Way that alloWs the 
Raman scattered light from the sample to be mapped into a 
time-domain Waveform. Alternatively, the same result may be 
accomplished by chirping the light after it has been scattered 
by the sample. This method may be advantageous, for 
example, in situations Where it is desired that the probe pulse 
be temporally short during the scattering process for better 
time resolution. Another factor that may be considered in this 
context is the temporal Width of the pump pulse. In order for 
the pump to stimulate Raman scattering uniformly across the 
probe, the pump should have a longer duration than the probe 
pulse. Thus, in situations Where the pump pulse is fairly short, 
for example if its Width is on the order of tens of picoseconds 
or less, it Will generally be necessary to use a temporally short 
probe and to chirp the probe pulse after the scattering process 
so that the probe pulse remains shorter in time than the pump 
during the scattering. 

In one embodiment of the invention, Wavelengths or ranges 
of Wavelengths of the probe beam have specially prepared 
amplitudes for the purpose of performing stimulated matched 
detection of an unknown chemical species or other constitu 
ents in the sample. 
At Block 14, a Raman pump beam is directed to the sample 

at approximately the same place and time as the probe beam. 
The Raman pump beam is preferably narroW-band or mono 
chromatic laser light. It is desirable to use a narroW band or 
monochromatic pump because the spectral Width of the pump 
determines the limit of the frequency resolution of the mea 
surement. In some situations, a broader bandWidth pump may 
be required, sacri?cing some frequency resolution, in order to 
produce a short enough pump pulse to achieve the poWer 
levels to generate su?icient stimulated Raman gain. The 
pump must achieve a poWer level that Will generate suf?cient 
Raman gain for optimal recording of the Raman spectrum of 
the sample. Although a single pump beam is shoWn at Block 
14, the sample may be exposed to more than one pump beam. 
The Raman pump laser may be pulsed or continuous Wave. 
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Although tWo lasers are described at Block 12 and Block 14, 
it Will be understood that the probe and pump pulses can be 
derived from the same light source by splitting, ?ltering, 
amplifying, and delaying portions of its output radiation as 
necessary. 

Exposing the sample to the combined chirped probe beam 
and the Raman pump beam creates a Raman spectrum of light 
that is scattered from the sample. In other Words, the stimu 
lated Raman gain spectrum of the sample is encoded onto the 
probe beam in the scattering process. The intensity of the 
Raman signal is normally proportional to the intensity of the 
incident light and scattering also generally becomes more 
e?icient at shorter Wavelengths. Accordingly, the intensity 
and operating Wavelength of the incident beams can be opti 
miZed and tailored to the assay. 

At Block 16, the resulting Raman spectra are detected by 
an optical detector that preferably converts the optical signal 
to an electrical signal. Each probe pulse provides a “snap 
shot” of the Raman spectrum at a point in time. 

In conventional Raman spectrometers, the scattered fre 
quency components are analyZed by separating them in 
space. In contrast, in the present invention, the frequencies of 
the Raman spectrum are separated and detected in time. Time 
mapping of the Raman spectrum Will occur Without signi? 
cant interference from background radiation or background 
?uorescence. In one embodiment of the invention, the Raman 
spectrum may be optically ampli?ed prior to detection. One 
method for optically amplifying the signal utiliZes Raman 
ampli?cation. This Raman ampli?cation can be imple 
mented, for example, as distributed ampli?cation (i.e., ampli 
?cation throughout a distributed medium) directly in the dis 
persive medium placed after the sample. In this Way, the 
signal is simultaneously ampli?ed and dispersed for time 
domain detection. As a result, the dispersive element can have 
loWer loss, can be transparent, or can even have net gain. The 
advantage of utiliZing this Raman ampli?cation over other 
types of optical ampli?cation is that Raman ampli?ers are not 
fundamentally restricted to particular Wavelengths or bands, 
but can operate Wherever suitable pump sources and Raman 
media are available. UtiliZing distributed ampli?cation rather 
than discrete optical ampli?cation has the further advantage 
that the signal is alWays maintained at a fairly uniform level 
and never reaches very loW levels Where noise becomes more 
signi?cant or very high levels Where optical nonlinearities 
can lead to distortion. 

In order to implement this distributed Raman ampli?ca 
tion, Raman pump light must be introduced into the disper 
sive medium along With the signal. If the signal to be ampli 
?ed is broadband and the pump sources are monochromatic, 
multiple pump lasers may be required to produce uniform 
gain across the signal. In many practical situations, hoWever, 
broadband, incoherent light may serve as an adequate pump. 
Intense, broadband ampli?ed spontaneous emission (ASE) 
can be intentionally produced by conventional gain media for 
this application. The advantage of this approach is that feWer 
ASE sources are necessary to provide a ?at gain spectrum 
across the signal bandWidth. Although the noise of the ASE 
Will be transferred to the signal during the ampli?cation pro 
cess, this additional noise Will not have a signi?cant impact if 
the limiting noise contribution in the measurement process 
comes from the detector and/or electronic digitiZer. In this 
case, increasing the amplitude of the signal may facilitate its 
detection even if the relative noise level in the signal 
increases. 
One or more optical detectors preferably convert the time 

domain Waveform into an electronic signal that can be elec 
tronically ?ltered, ampli?ed, and processed if necessary at 
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Block 18. The optical detector can also be a coherent optical 
detector that generates a signal from Which the phase of the 
time-domain Waveform can be recovered. The coherent opti 
cal detector can be an optical mixer, an interferometer, or a 
frequency-resolved optical gating instrument or comparable 
device. 
At Block 18, the electronic signal is processed and ana 

lyZed. The electronic signal may be digitiZed and then elec 
tronically processed, stored, or displayed. In order for the 
signal to be captured by an electronic digitiZer or oscillo 
scope, the time-domain Waveform should lie Within the band 
Width of the instrument. Furthermore, there should be enough 
sampling points per unit time for the Waveform to be accu 
rately represented. Therefore, the dispersion used to map the 
spectrum into a time-domain Waveform must be su?icient to 
stretch the Waveform enough to be captured by the digitiZer. 
In addition, if single-shot data acquisition is desired, the 
digitiZer must be capable of acquiring the necessary number 
of sampling points in a single-shot measurement. 
Once the signal has been digitiZed, electronic signal pro 

cessing may be used to remove the deleterious spectral non 
uniforrnities or non-idealities of the beams from the elec 
tronic signal. Composites of the acquired “snapshots” may be 
created in tWo or three dimensions or as a sequence of movie 
frames and displayed With the assistance of softWare and a 
computer. The acquired signals may also be compared With a 
library of knoWn signals as part of the analysis. For example, 
the digitiZed electrical signal may be electronically cross 
correlated With the knoWn Raman spectrum of one or more 
chemicals or materials for the purpose of matched detection 
of unknown chemical species or other constituents in the 
sample under analysis. 

Referring noW to FIG. 2, a schematic diagram of one 
embodiment of the apparatus 20 is shoWn in general form. A 
pulsed probe laser 22 and a Raman pump laser 24 are directed 
to a sample 26 and light scattered from the sample 26 is 
mapped into a time-domain Waveform, detected, and ana 
lyZed. The output from the pulsed probe laser 22 is chirped or 
dispersed With a temporally dispersive element 28 prior to 
being directed on the sample 26. Alternatively, either this 
temporally dispersive element 28 or a second dispersive ele 
ment 36 may be placed after the light is scattered by the 
sample 26. Although a single pulsed probe laser and a single 
pump laser are shoWn, it Will be understood that more than 
one pump and probe laser or supercontinuum and varying 
frequencies may be used. 

In the embodiment shoWn in FIG. 2, an optical ampli?er 30 
ampli?es an optical pulse from the pulsed laser 22, Which is 
used to pump a supercontinuum generator 32. The optional 
ampli?er 30 may not be required if the initial laser 22 pulse is 
already poWerful enough to generate the supercontinuum. 
Also, if the initial pulse has a very large bandWidth, the 
ampli?er 30 and/ or the supercontinuum generator 32 may not 
be necessary. For example, titaniumzsapphire (Ti:S) mode 
locked lasers can generate ultra-fast pulses (<10 fs) With 
extremely large bandWidth (>100 nm). 

Next, the supercontinuum of radiation may be passed 
through an optional bandpass ?lter 34 and sent through a 
dispersive element 28, Which imparts a frequency chirp to the 
probe pulse from the probe laser 22. The chirp, Which may be 
seen as representing a code, may be a linear or a more com 

plex function. The chirped pulse is directed to a selected point 
on a sample 26 as the Raman probe (Stokes seed). 
A pulse from a second laser, the Raman pump laser 24, is 

also directed onto the sample 26 at a selected point so that the 
pump and probe pulses overlap on the sample in time and 
space. The Raman pump laser 24 and the probe laser 22 may 
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be derived from a single laser source. Precise temporal and 
spatial overlap of the pulses from the pump laser 24 and the 
probe laser 22 may not be required depending on the charac 
teristics of the sample 26. In addition, the relative delay, pulse 
shapes, and spatial overlap of the tWo pulses can be controlled 
for the purposes of enhancing the operation of the present 
invention. 

The pump and probe pulses directed to the sample 26 
stimulate Raman scattering if they are Raman resonant With 
the sample. Moreover, if the probe laser 22 bandWidth is large 
enough, many Raman lines of the sample may be simulta 
neously excited With a single pair of pump and probe pulses. 
In the frequency domain, the stimulated Raman spectrum 
appears on top of the spectrum of the chirped continuum. 

The radiation that is scattered may be passed through an 
optional second dispersive element 36, Which can either pro 
vide additional dispersion of the same sign as the ?rst disper 
sive element, or an opposite temporal dispersion. If opposite 
dispersion is added, this Will tend to counteract the effect of 
the ?rst dispersive element 28. HoWever, if less dispersion is 
provided in the second element 36, there Will still be net 
dispersion from the tWo dispersive elements 28, 36. This 
partial dispersion cancellation technique can be used if one 
Wishes to initially disperse either pulse more than necessary 
so as to avoid subjecting the sample 26 to high peak poWer 
levels. 

In the embodiment shoWn in FIG. 2, the second dispersive 
element 36 may be used alone or at the same time as disper 
sive element 28. In many situations it may be desirable to use 
only the second dispersive element 36 to chirp the light after 
it has been scattered from the sample, Without the use of the 
?rst dispersive element 28. When the second dispersive ele 
ment 36 is used alone, the spontaneous Raman emissions 
from the sample 26 due to the pump light can also be chirped 
and subsequently detected. 

After traversing the optional second dispersive element 36, 
the pulse may be ampli?ed by an optional ampli?er 38 and is 
then detected by an optical detector 40. The optional ampli?er 
38 may also represent a distributed Raman ampli?er, Which 
may be implemented to amplify the signal as it propagates 
through the second dispersive element 36. The detector 40 is 
preferably an optical detector, such as an avalanche photo 
diode, that can convert the photons scattered from the sample 
26 or received by ampli?er 38 to an electronic signal. 

Next, the electrical signal from the optical detector 40 may 
be ?ltered to limit its bandWidth by the optional electronic 
?lter 42 and optionally ampli?ed by an electrical ampli?er 44. 
Limiting the bandWidth to no more than is necessary reduces 
the noise in the subsequent analog to digital conversion. The 
signal may then be either digitiZed by an analog to digital 
converter (A to D converter) 46 or displayed on an oscillo 
scope. The signal may also be processed or analyZed With a 
digital signal processor 48 or computer and displayed and 
stored. 

Since the Stokes seed pulse Was chirped by the ?rst disper 
sive element 28 and/or the scattered signal is chirped by the 
second dispersive element 36, the stimulated Raman spec 
trum is mapped into the time domain. In particular, the dif 
ferent frequencies in the scattered probe spectrum arrive at 
the detector at different times. As a result, the spectrum can be 
sampled in the time domain by the Analog to Digital converter 
46 or displayed directly on an analog oscilloscope Without the 
need for a spectrum analyZer. 

In addition, since background radiation (e. g., ?uorescence) 
emitted by the sample is not chirped When the second disper 
sive element 36 is absent, ?uorescence does not appear as part 
of the stimulated Raman spectrum that is measured in the time 
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domain. Furthermore, since the Raman spectrum can be mea 
sured With a single set of pump and probe pulses, the tech 
nique has a single-shot capability. 
The apparatus and methods can also be used for spontane 

ous Raman spectroscopy if the probe pulse 22 is eliminated as 
indicated previously. In this situation, the pump 24 excites 
spontaneous Raman scattering in the sample 28, and this 
spontaneous emission is then temporally dispersed (chirped) 
by the dispersive element 36. Then, the chirped spontaneous 
emission can be sampled in the time domain as previously 
described. Since spontaneous Raman scattering is typically a 
much Weaker effect compared With stimulated scattering, the 
spontaneous signals Will generally be smaller than those 
obtained With the stimulated Raman option. 

It can be seen that the apparatus and method can be imple 
mented over a large range of possible pump and probe Wave 
length bands. For example, probe pulses and high peak poWer 
pump pulses could be produced using a telecommunications 
laser (e.g., an erbium-doped ?ber laser or diode laser) and/or 
ampli?er operating betWeen 1300 and 1600 nm. It is also 
possible to frequency double (second harmonic generation) 
or triple (third harmonic generation) a telecommunications 
laser to produce higher frequencies for use in the apparatus. 
Another type of laser that could be used is the titanium: 
sapphire laser, Which offers short, high-poWer pulses at Wave 
lengths betWeen 650 and 1100 nm, usually in the vicinity of 
800 nm. Neodymium-doped yttrium aluminum garnet lasers 
and ytterbium-doped ?ber lasers may also be used to produce 
the required optical radiation. Although these laser types are 
explicitly mentioned herein, other types of laser sources may 
also be used. 

In addition to providing the magnitude of the Raman spec 
trum, the apparatus and methods can also provide the phase 
information. Referring also to FIG. 3, coherent optical detec 
tion is performed in the illustrated mode of operation 50. In 
the embodiment shoWn in FIG. 3, the probe beam 56 is 
provided by a broadband pulsed laser 52 With a dispersive 
element 54 to generate a chirped, pulsed probe beam 56 
directed to sample 58. A Raman pump beam 60 is also 
directed to sample 58. 

Coherent detection can be achieved, for example, by mix 
ing the probe beam With a local oscillator (LO) at the photo 
detector. This type of coherent detection is Well knoWn and 
has been used in optical communication. The local oscillator 
(LO) may be a copy of the chirped supercontinuum, or an 
independent pulse or a continuous-Wave beam. If, for 
example, the L0 is a copy of the chirped supercontinuum, the 
relative time delay betWeen the L0 and the probe Will deter 
mine the intermediate frequency (IF) of the mixer. 

In the embodiment shoWn in FIG. 3, the Stokes continuum 
probe pulse is split into tWo parts prior to incidence With the 
sample. One part of the beam 56 is sent through to the sample. 
The second part of the beam 62 is sent through another path, 
containing an optional ampli?er 64 and an optional delay line 
66. The ampli?er 64 ampli?es the L0 in order to increase the 
detection sensitivity of the signal and the delay line 66 adds a 
time delay A's to the LO pulse. The tWo pulses are subse 
quently recombined With a beam combiner 68 (optional if the 
tWo beams can be directly interfered on the optical detector) 
and detected With an optical detector, such as a photodiode. 
The detector 70 generates an intermediate frequency (IF) 
electronic signal from the mixing of the signal and LO pulses. 
This electronic signal is then (electronically) processed and 
analyZed With electronics 72. The frequency of the IF elec 
tronic signal at a point in time tO is given by the difference 
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between the signal from the sample and the local oscillator 
frequencies at that time: 

Another alternative to the use of a mixer for coherent 
detection is the Frequency-Resolved Optical Gating (FROG) 
technique, a method that is also capable of recovering the 
phase of an optical Waveform. Also, standard interferometric 
techniques may be used to measure the phase of the Raman 
signal relative to that of a knoWn reference Waveform. 

Accordingly, the use of an optical chirp, an opto-electronic 
detector, and analog to digital converter (or oscilloscope) in 
the instrument eliminates the need for a bulky spectrometer in 
Raman spectroscopy. There is no mechanical scanning of any 
kind in the apparatus, Which alloWs for extremely rapid analy 
sis. Furthermore, the detection of the entire spectrum can be 
accomplished With a single fast opto-electronic converter 
channel. The converter can be a p-i-n photodiode, an ava 
lanche photodiode (APD), a photomultiplier tube (PMT), or a 
different type of opto-electronic detector. 

Each supercontinuum Stokes pulse provides a snapshot of 
the Raman spectrum that is sampled in time (i.e., neither 
repetitive Waveforms nor static samples are required). This 
feature is particularly useful for studying samples undergoing 
rapid, transient processes or in applications Where high 
throughput is required. For each supercontinuum pulse, a 
Raman spectral “snapshot” can be recorded from the sample. 
For example, With megahertZ (MHZ) pulse repetition rates, 
more than one snapshot per microsecond is possible. The 
effective “shutter speed” (i.e., the temporal resolution) of 
each spectral snap shot is determined by the temporal Width of 
the supercontinuum probe. 

Turning noW to FIG. 4, the elimination of the conventional 
spectrometer and the use of ultra-fast pulse repetition fre 
quencies Will alloW the generation of very high “snapshot” 
frequencies. In some cases, hoWever, an additional step may 
be necessary in order to handle ultra-high repetition rates. 
Time-division multiplexing (TDM), such as terabit per sec 
ond (Tb/ sec) TDM, may be used to accommodate the speed. 
If ultra-high pulse repetition rates are employed, there is a 
limit to hoW much the spectrum of each pulse can be dis 
persed before successive pulses overlap With one another. 
HoWever, time division multiplexing alloWs a rapid pulse 
train 74 to be separated into trains 76 With loWer repetition 
rates With the use of a demultiplexer 78 as shoWn schemati 
cally in FIG. 4. The separated pulse trains 76 can be indepen 
dently dispersed With dispersion elements 80 and directed to 
a sample 82 and the resulting Raman spectra 84 can be ana 
lyZed. For example, terahertZ (THZ) pulse repetition rates 
alloW for the snapshot interval to be less than one picosecond, 
Which Would facilitate single-shot monitoring of chemical 
and biological reactions on very short timescales. Alterna 
tively, a rapid pulse train may be dispersed after it scatters 
from the sample instead of before the scattering process. In 
this case, the demultiplexer 78 may be used after the scatter 
ing has occurred and prior to the dispersion. 

Referring noW to FIG. 5, an embodiment of the invention 
adapted to conduct cross-correlation matched detection is 
shoWn. Matched detection of a substance utiliZes cross cor 
relation With spectral libraries to identify chemical species. 
Substances canbe identi?ed by numerically performing cross 
correlations of the acquired spectral data With knoWn spectral 
information of different chemical compounds. For example, 
it can be determined Whether an unknown organic liquid 
contains benZene by measuring the spectrum of the unknoWn 
and computing the cross correlation With the knoWn spectrum 
of benZene contained in a spectral library. If the unknoWn 
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contains benZene, a signi?cant cross-correlation signal Will 
be observed or if it does not contain benZene the cross corre 
lation Will be small. The technique can be applied to more 
complicated situations With a greater number of possible 
substances in the unknoWn mixture. Accordingly, Raman 
spectroscopy measured by chirped Wavelength encoding and 
electronic time-domain sampling can be used to rapidly iden 
tify unknoWns. 

Alternatively, instead of numerically computing a cross 
correlation after the spectral data has been collected, a Stokes 
supercontinuum seed With a spectrum matching that of a 
particular substance from the spectral library can be prepared. 
If this substance is present in the unknoWn sample, then a 
much larger stimulated signal Will be obtained than a non 
speci?c Stokes seed is used. Thus, We can create a sensitive 
detector for a particular substance or group of substances. 
An example of one embodiment of stimulated Raman 

matched detection is shoWn in FIG. 5. A broadband pulse 
from a laser or supercontinuum 86 is dispersed With a disper 
sive element 88 and then modulated by an optical modulator 
90 (e. g., an electro-optic (EO) modulator) using a voltage 
Waveform 92 matching the spectrum of the species desired to 
be detected. As a result, the amplitude of the supercontinuum 
pulse 94 is modi?ed to match this spectrum. A Raman pump 
pulse from a Raman pump laser 96 is directed to the sample 
98 With the modulated probe pulse 94. When the modulated 
probe pulse 94 is incident on the sample 98, there Will be more 
signi?cant stimulated Raman scattering detected by optical 
detector 100 if the sample contains the species matching the 
spectrum imposed on the continuum. On the other hand, 
Weaker scattering Will result if this species is not present in the 
sample. 

Stimulated matched detection (SMD) described above Will 
facilitate high throughput and single-shot detection. Shaping 
the spectrum via time-domain modulation by an electro -optic 
modulator offers the ability to change the probe spectrum on 
a very short timescale resulting in extremely rapid scanning 
through a large number of Waveforms 92. Because traditional 
optical ?lters cannot be tuned very rapidly (the tuning rate is 
typically limited to kHZ), this ultra-fast analysis of the spec 
trum is not available in the prior art. 
A schematic diagram of tip-enhanced Raman microscopy 

is shoWn in FIG. 6 and FIG. 7. Since stimulated Raman 
scattering is an intensity-dependent, nonlinear optical inter 
action, tightly focused beams can generate highly localiZed 
scattering events. In particular, only the most intense region 
of the spatial pro?le of the beam Will generate a strong SRS 
(or other Raman-type) signal. This feature alloWs stimulated 
Raman imaging With signi?cantly high, even sub-Wave 
length, resolution. If the sample is scanned using a pieZo 
controlled translation stage across the focal point, or con 
versely if the beams are sWept across the sample (e.g., With an 
acousto-optic modulator), a high-resolution Raman image of 
the sample can be obtained. Moreover, the scanning can 
potentially be performed in all three dimensions, producing 
full three-dimensional (3D) images. 

Furthermore, since chirped Wavelength encoding and elec 
tronic time-domain sampling is a single-shot technique, the 
sample and/or beams can be scanned at a very high rate, 
alloWing for extremely fast image acquisition times. In this 
Way, spatio-temporal Raman snapshots of the sample can be 
obtained (three space dimensions+time:4D imaging). 

In the diagram and details shoWn in FIG. 6 and FIG. 7, 
tip-enhanced Raman microscopy 102 is schematically 
shoWn. In the embodiment shoWn, a sharp metal tip 104 is 
placed in close proximity to or in direct contact With a surface 
to be studied. TWo laser beams (pump and probe) are tightly 
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focused onto the sample 110. When the pump 106 and probe 
108 beams are directed to the surface at the contact point, the 
metal tip 104 produces a large enhancement of the electric 
?eld at that location. This enhancement is very localized, 
allowing for scattering from single molecules (i.e., resolution 
beyond the diffraction limit of light). Tip-enhanced Raman 
microscopy When combined With chirped Wavelength encod 
ing and electronic time-domain sampling can measure 
Raman and Raman-type spectra With single-shot excitation. 
This technique alloWs the study of molecular dynamics and 
chemical reactions to be directly probed and potentially con 
trolled. 

Furthermore, if the pump beam 106 and Stokes probe 
beams 108 are Raman resonant With each other and are phase 
matched, anti-Stokes radiation Will be generated. The Stokes 
probe pulse 108 is intentionally frequency chirped for the 
purposes of detecting the scattered anti-Stokes signal in the 
time domain. Alternatively, if the Stokes light is not chirped, 
the anti-Stokes signal can be chirped for time-domain detec 
tion. Since this is an intensity-dependent, nonlinear optical 
interaction and the beams are tightly focused onto the sample, 
an anti-Stokes image of the sample can be generated With 
high spatial resolution by scanning the beams across the 
sample 110, for example. In a CARS process, the phase 
matching can be chosen to generate a backscattered signal. 
For non-phase-matched Raman processes like SRS, the sig 
nal Will typically be scattered along the direction of the Stokes 
seed. Therefore, experimental geometries different from that 
depicted in FIG. 6 and FIG. 7 may be required in some 
situations. 

Accordingly, the single-shot capability of the invention 
combined With the ultra-high spatial resolution of Raman and 
tip-enhanced Raman microscopy alloWs microscopic spatio 
temporal imaging. Since a Raman spectrum of each spatial 
domain can be acquired With a single pump-probe shot, a 
complete image of the sample can be formed by sWeeping the 
lasers across the sample (or vice versa) at exceptionally high 
speed. 

For example, sWeeping the pump 106 and probe 108 beams 
across the sample 110 and rastering the focal point across 
every point in the domain Will provide an image in tWo spatial 
dimensions. Each time a pump-probe pulse pair is incident on 
the sample 110, the focal point may be moved slightly in the 
tWo-dimensional plane. Since the nonlinear properties of 
stimulated Raman scattering make the spatial interaction 
highly localiZed, the spatial resolution can be extremely high. 
Tip-enhanced microscopy can further enhance the spatial 
resolution of the results. With many pump-probe pulse pairs, 
a high-resolution image of the sample can be created. 
Because each complete spatial scan can be completed rela 
tively quickly, the image represents a snapshot of the com 
plete sample in time (With a temporal resolution determined 
by the time it takes to complete the scan). Thus, the image 
consists of tWo spatial dimensions plus the time dimension (a 
three-dimensional image). This technique can be performed 
in all three spatial dimensions With time resolution. For 
example, With three spatial dimensions plus time Will produce 
a 4D image. 

It is also possible to enhance Raman scattering signals 
using colloidal metal nanoparticles. If nanometer-scale metal 
particles (e.g., gold, silver) are placed in a colloidal suspen 
sion in the Raman medium, a signi?cant enhancement of the 
scattering cross-section may result. Furthermore, the plas 
mon resonances of the nanoparticles can also be used to alter 
the Stokes/anti-Stokes ratio in Raman scattering. Nanopar 
ticle-enhanced Raman spectroscopy can be used in combina 
tion With chirped Wavelength encoding and electronic time 
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domain sampling to provide single-shot, background-free 
Raman and Raman-type spectral data. 

Another signi?cant capability of the apparatus and meth 
ods is that ?uorescence associated With the sample can be 
automatically eliminated. Since the Raman signal is chirped 
in the apparatus and methods of the present invention, 
unWanted background signals (e.g., ?uorescence) can be 
automatically distinguished from the Raman spectrum. Spe 
ci?cally, in the absence of the second dispersive element 
shoWn in FIG. 2, the ?uorescence generated by the Raman 
medium Will not be chirped and thus Will appear as a constant 
background in the time domain. The Stokes spectrum can also 
be can be encoded on the continuum (in the time domain) at 
the pulse rate to enhance the detection sensitivity and hence 
selectivity While providing fast throughput. Fluorescence 
rejection facilitates SRS measurements, Whereas, usually 
CARS or FSRS must be used to eliminate ?uorescence. SRS 
has advantages over CARS in certain situations because SRS 
does not need to be phase matched and SRS spectra are 
typically easier to interpret than CARS spectra. 
The invention may be better understood With reference to 

the accompanying examples, Which are intended for purposes 
of illustration only and should not be construed as in any 
sense limiting the scope of the present invention as de?ned in 
the claims appended hereto. 

Example 1 

To illustrate the invention, the embodiment shoWn sche 
matically in FIG. 2 Was constructed using a silicon Waveguide 
as a sample. Silicon Was selected because the vibrational 
Raman spectrum of silicon has been Well studied using stan 
dard techniques and stimulated Raman scattering in silicon 
has been employed to construct Raman lasers and ampli?ers. 
The master oscillator that Was used to generate the pump 

and probe pulses Was a mode-locked erbium-doped ?ber laser 
producing near-transform-limited picosecond pulses at 
approximately 1550 nm With a repetition rate of 25 MHZ. The 
pump pulses Were generated by pre-stretching a fraction of 
the output pulses to approximately 50 ps and then amplifying 
in a large-mode-area erbium-doped ?ber ampli?er to a 
desired level. 
A supercontinuum Stokes probe Was generated directly 

Within the gain ?ber of a separate specialty erbium-doped 
?ber ampli?er using a portion of the oscillator output as the 
seed. The supercontinuum pulses Were band-pass ?ltered at 
~1685 nm (A7»:10 nm), synchronously combined With the 
pump pulses using a Wavelength-division multiplexer 
(WDM), and coupled to a silicon Waveguide. At the output of 
the Waveguide, the pump light Was removed using another 
WDM, leaving only the supercontinuum encoded With the 
stimulated Raman spectrum of silicon. 
The encoded pulse Was then stretched in a module of dis 

persion-compensating ?ber (DCF). DCF is a commercial 
?ber designed to compensate for anomalous dispersion in 
long-haul optical ?ber netWorks. This module produced 
approximately —1300 ps/nm of GVD With a measured loss of 
~10 dB at the probe Wavelength. The stretched pulses Were 
then delivered to an ampli?ed photodetector Whose electrical 
output Was captured by a real-time 20 gigasample-per-second 
oscilloscope. A delayed copy of the supercontinuum probe 
(not synchronized With the pump) Was also routed through the 
Waveguide as a reference. 

Using a single detector, measurements of the stimulated 
Raman spectrum of silicon in real time for different pump 
poWer levels Were taken. Representative Raman spectra can 
be seen in FIG. 8. One copy of the probe pulse Was synchro 
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niZed With the pump, and therefore experienced Raman gain, 
While the other copy Was delayed and therefore passed 
through the silicon Waveguide unaltered by Raman scatter 
ing. 

To illustrate the real-time capabilities of the methods, mea 
surements of a time-varying signal using the apparatus 
described above and shoWn in FIG. 2 Were taken but Without 
the reference pulse. The time-varying signal Was generated 
using an unstable supercontinuum probe. In particular, it Was 
ob served that if the supercontinuum pulse energy is increased 
above a threshold level, the amplitude becomes unstable and 
varies randomly from pulse to pulse. As seen in FIG. 9, this 
?uctuation Was re?ected in real-time SRS measurements uti 
liZing the unstable supercontinuum pulses as the probe. 

Although the Raman gain spectrum itself remained 
unchanged over time, the apparatus and methods captures 
transient effects and can be employed to monitor a dynamic 
Raman spectrum in real time, With successive pulses repre 
senting a sequence of Raman movie frames. This capability 
could be used, for example, to monitor a chemical reaction in 
progress With a single-shot measurement or to conduct high 
throughput Raman microscopy. 

Example 2 

In order to demonstrate the utility of Raman-post ampli? 
cation for the present invention and other spectroscopic sig 
nals, apparatus Was used to amplify Weak spectroscopic sig 
nals. The detection of Weak signals presents a signi?cant 
challenge in many spectroscopic measurements. This issue is 
especially important in single-shot applications since it is not 
possible to use averaging to reduce noise. For example, the 
use of dispersion to chirp the signal typically Weakens the 
signal because dispersive elements usually have signi?cant 
loss. Optical ampli?cation of the signal may be necessary to 
resolve this problem. 

Unfortunately, traditional optical ampli?ers are generally 
only available for a limited number of restricted Wavelength 
bands. On the other hand, Raman ampli?ers are not funda 
mentally tethered to speci?c Wavelengths, but can operate 
Wherever suitable continuous-Wave Raman pumps and gain 
media are available. Distributed Raman ampli?cation is par 
ticularly useful because it can be implemented directly in the 
dispersive medium to reduce loss or even yield net gain. In 
DCF, for example, fairly broadband signals can be uniformly 
ampli?ed and simultaneously dispersed using multiple 
Raman pump lasers spaced over suitable Wavelength inter 
vals. 

In spectroscopy, hoWever, coherent pumping may not be 
necessary to obtain useful Raman post-ampli?cation in many 
situations. If the noise ?oor of the detector or digitiZer is the 
limiting factor for the measurement, it is possible to improve 
the detection threshold using incoherently-pumped Raman 
ampli?cation. The advantage of this approach is that a single 
broadband source of intense ampli?ed spontaneous emission 
(ASE) can be used to produce uniform Raman gain instead of 
multiple coherent pump lasers. One de?ciency of this 
approach is that the noise of the incoherent light is transferred 
to the signal. HoWever, ASE-pumped distributed Raman 
ampli?cation can be utiliZed to provide broadband optical 
ampli?cation With acceptable noise transfer. 

Turning noW to FIG. 10, the results of an experimental 
demonstration of the utility of ASE-pumped Raman post 
ampli?cation of spectroscopic signals are shoWn by Raman 
amplifying a Weak SRS signal (produced by stimulated 
Raman gain using a 50 picosecond pulsed pump at 1550 nm 
and a supercontinuum probe at 1685 nm With 10 nm Width, as 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

16 
described above in FIG. 2) directly in the dispersive DCF 
medium using a broadband ASE pump. 
The ASE pump is produced by a CL-band EDFA With no 

coherent input and the spectral content of the ASE pump Was 
such that the entire signal could be uniformly ampli?ed given 
the Raman response of the dispersive (DCF) medium. The 
ASE pump Was coupled into the DCF medium along With the 
signal using a Wavelength-division multiplexer (WDM). 
Accordingly, the signal Was ampli?ed by the Raman gain of 
the DCF medium and simultaneously dispersed. At the output 
of the dispersive medium, the pump Was separated from the 
signal using another WDM and the signal Was sent to a 
photodetector Whose electrical output is monitored by a 20 
gigasample/second real-time oscilloscope. Although noise 
transferred to the signal during the process, the ampli?cation 
alloWs an otherWise undetectable signal to be measured. 

It can be seen from the results shoWn in FIG. 10, that 
Without Raman post-ampli?cation, the signal is undetectable. 
HoWever, With the post-ampli?cation performed directly in 
the dispersive medium, the signal is Well above the detection 
threshold. 

It can be seen that the invention may have many different 
high throughput screening and detecting applications. Com 
binatorial chemistry involves the rapid synthesis of a large 
number of compounds, Which are typically screened for 
medicinal or materials science applications. Using the high 
throughput capabilities of the invention, a large number of 
compounds can be spectrally identi?ed and screened in a 
short period of time. For example, often a micro-Well plate is 
used to contain the numerous compounds during the synthe 
sis process in combinatorial chemistry. This plate can be used 
for high throughput screening With the apparatus by either 
scanning the pump and probe beams across the Wells (eg 
with an acousto-optic modulator) or vice versa (e.g., With a 
pieZo-actuated translation stage or high-speed stepper 
motor). The concept of matched detection can also be applied 
to spectroscopic screening of combinatorial synthesis. By 
cross-correlating the measured spectra With knoWn spectral 
libraries of compound and chemical functional groups, mol 
ecules can be detected With high sensitivity. Furthermore, the 
concept of stimulated matched detection (SMD) described 
above can also be applied to search for a particular set of 
compounds or functional groups in the optical domain. 
The apparatus and methods can also be applied to the 

spectroscopy of biomolecules and pathogens. The high 
throughput capabilities Would alloW the screening a large 
number of molecules, microbial species, and disease-causing 
agents in a short time. Furthermore, since the invention is a 
single-shot method and nonlinear Raman interactions alloW 
sub-Wavelength resolution (especially With tip-enhanced 
Raman techniques), the metabolism of a single cell or activity 
of a single viral particle, as Well as the structure of single 
protein molecules and other biological macromolecules can 
be directly monitored and studied in the time domain. The 
techniques of matched detection can also be applied to these 
studies. 

Similarly, the apparatus and methods can be used in cancer 
cell screening. It is knoWn that cancerous cells and tissues can 
often be identi?ed by their spectroscopic signatures. In cer 
tain types of cancer screening studies, a large number of cells 
must be screened to determine if one out of millions is can 
cerous. Unfortunately, existing techniques for screening the 
cells are sloW and have some margin of error. These methods 
also typically require a someWhat lengthy sample preparation 
involving staining cells With a ?uorescent dye. Then, the cells 
are imaged by laser-excited ?uorescence through a micro 
scope. Scanning the cells is a lengthy process because the 
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amount of ?uorescence is relatively Weak, and imaging 
requires long integration times. Using stimulated Raman 
spectroscopy or CARS, cancer cells can be identi?ed Without 
the need for preparation With ?uorescent dyes. Since these 
spectroscopic methods are stimulated rather than spontane 
ous, the scattered signals can be much more intense. SRS and 
CARS can also be used for microscopy as previously 
described, Which makes them ideal for cell screening. 

The technique of chirped Wavelength encoding and elec 
tronic time-domain sampling can also be applied to a variety 
of other spectroscopic techniques. For example, time-domain 
detection can be utiliZed in tWo-photon absorption spectros 
copy. Similar to the method described above, if an intense 
pump beam and a Weaker continuum probe pulse are simul 
taneously introduced into a sample, the sample’s tWo-photon 
absorption spectrum Will be encoded onto the continuum 
probe. Dispersion can be used to map the spectrum of this 
encoded pulse into a time-domain Waveform by chirping the 
probe either before or after interaction With the sample. The 
spectrum can then be detected, electronically sampled, and 
stored or processed. 

Although the description above contains many details, 
these should not be construed as limiting the scope of the 
invention but as merely providing illustrations of some of the 
presently preferred embodiments of this invention. There 
fore, it Will be appreciated that the scope of the present inven 
tion fully encompasses other embodiments Which may 
become obvious to those skilled in the art, and that the scope 
of the present invention is accordingly to be limited by noth 
ing other than the appended claims, in Which reference to an 
element in the singular is not intended to mean “one and only 
one” unless explicitly so stated, but rather “one or more.”All 
structural, chemical, and functional equivalents to the ele 
ments of the above-described preferred embodiment that are 
knoWn to those of ordinary skill in the art are expressly 
incorporated herein by reference and are intended to be 
encompassed by the present claims. Moreover, it is not nec 
essary for a device or method to address each and every 
problem sought to be solved by the present invention, for it to 
be encompassed by the present claims. Furthermore, no ele 
ment, component, or method step in the present disclosure is 
intended to be dedicated to the public regardless of Whether 
the element, component, or method step is explicitly recited 
in the claims. No claim element herein is to be construed 
under the provisions of 35 U.S.C. 1 12, sixthparagraph, unless 
the element is expressly recited using the phrase “means for.” 

What is claimed is: 
1. A method of performing stimulated Raman spectros 

copy of a sample, comprising: 
exposing a sample to beams of pulsed probe light; 
exposing said sample to at least one beam of a second light 

during said exposure of said probe light; 
mapping a spectrum of light scattered from said sample 

into a time-domain Waveform With a plurality of disper 
sive elements so that the spectra is detected directly in 
the time domain to provide a mapped time-domain 
Waveform; and 

detecting said mapped time-domain Waveform. 
2. A method as recited in claim 1, further comprising: 
dispersing said spectrum of light scattered from said 

sample prior to detection. 
3. A method as recited in claim 1, further comprising: 
exposing said sample to beams of dispersed light and said 

second light simultaneously. 
4. A method as recited in claim 1, Wherein said probe 

beams are derived from a supercontinuum of light. 

18 
5. A method as recited in claim 1, further comprising: 
converting light scattered from said sample to electronic 

signals. 
6. A method as recited in claim 5, further comprising: 

5 ?ltering said electronic signals; 
amplifying said ?ltered electronic signals; 
converting said ampli?ed and ?ltered electronic signals to 

digital signals; and 
processing said digital signals. 
7. A method as recited in claim 1, further comprising: 
directing light scattered from said sample through a dis 

persive element; and 
amplifying light Within said dispersive element. 
8. A method as recited in claim 1, further comprising: 
mixing a local oscillator beam With light beams scattered 

from said sample; and 
detecting said mixed beams With an optical detector. 
9. A method as recited in claim 8, Wherein said local oscil 

lator beam comprises a continuous Wave beam or an indepen 
20 dent pulse. 

10. A method as recited in claim 1, further comprising: 
splitting beams of dispersed, pulsed light to provide an 

incident pulse and a local oscillator pulse; 
amplifying said local oscillator pulse; 
inserting a time delay in said local oscillator pulse; 
combining said local oscillator pulse With light scattered 

from said sample; and 
detecting said combined beams With an optical detector. 
11. A method as recited in claim 10, further comprising: 
converting said combined beams to an electronic signal; 
converting said electronic signal into a digital signal; 

processing said digital signals; and 
analyZing said digital signals for phase information. 
12. A method as recited in claim 1, further comprising: 
performing time-division multiplexing of said pulsed light. 
13. A method as recited in claim 1, further comprising: 
matching spectra obtained from said sample With a library 

of spectra to identify a chemical species present in the 
sample. 

14. A method as recited in claim 1, further comprising: 
preparing dispersed pulsed probe light With a spectrum 

matching the spectrum of a selected chemical species; 
and 

exposing said sample With said modulated light for stimu 
lated matched detection. 

15. A method as recited in claim 1, further comprising: 
enhancing Raman scattering signals With colloidal metal 

nanopar‘ticles in suspension in a Raman medium. 
16. A method for conducting Raman microscopy of a 

sample, comprising: 
placing a sample in proximity to a metal probe; 
exposing said sample to beams of chirped, pulsed laser 

light; 
exposing said sample to at least one beam of light during 

said exposure of chirped, pulsed laser light; 
mapping a spectrum of light scattered from said sample 

into a time domain Waveform to produce a mapped time 
domain Waveform; and 

characterizing said mapped time domain Waveform. 
17. A method as recited in claim 16, further comprising: 
amplifying said pulsed laser light to generate a supercon 

tinuum of light; and 
?ltering said light from said continuum prior to dispersion. 
18. A method as recited in claim 16, further comprising: 
converting light scattered from said sample to electronic 

signals. 
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19. A method as recited in claim 18, further comprising: 
?ltering said electronic signals; 
amplifying said ?ltered electronic signals; 
converting said ampli?ed and ?ltered electronic signals to 

digital signals; and 
processing said digital signals. 
20. A method as recited in claim 16, further comprising: 
placing said sample on a surface in proximity to a metal tip. 
21. A method of spontaneous Raman spectroscopy, com 

prising: 
exposing a sample to a beam of pulsed light; 
dispersing temporally light emitted from said sample; 
mapping a spectrum of light scattered from said sample 

into a time domain Waveform; and 
characterizing said time domain Waveform. 
22. A method as recited in claim 21, further comprising: 
optically amplifying said temporally dispersed light; and 
detecting said ampli?ed light With an optical detector. 
23. A method as recited in claim 21, further comprising: 
converting temporally dispersed light scattered from said 

sample to electronic signals. 
24. A method as recited in claim 23, further comprising: 
?ltering said electronic signals; 
amplifying said ?ltered electronic signals; 
converting said ampli?ed and ?ltered electronic signals to 

digital signals; and 
processing said digital signals. 
25. An apparatus for performing Raman spectroscopy of a 

sample, comprising: 
a pulsed probe laser; 
a dispersive element operably coupled to said pulsed laser 

con?gured to direct temporally dispersed pulsed laser 
light on a sample; 

a Raman pump laser con?gured to direct laser light on said 
sample; and 

an optical detector; 
Wherein characteristics of light scattered from said sample 

during exposure to said laser light are mapped directly in 
a time domain. 

26. An apparatus as recited in claim 25, Wherein said dis 
persive element is selected from the group of dispersive ele 
ments consisting essentially of an optical ?ber, an optical 
grating, a chirped mirror, and a prism. 

27. An apparatus as recited in claim 25: 
Wherein said optical detector comprises at least one detec 

tor selected from the group of detectors consisting 
essentially of an avalanche photodiode, a p-i-n photo 
diode and a photomultiplier tube, 

Wherein light scattered from said sample is converted to 
electronic signals by said detector. 

28.An apparatus as recited in claim 27, further comprising: 
an electrical ?lter electrically coupled to said detector; 
an electrical ampli?er coupled to said electrical ?lter; 
an analog to digital signal converter; and 
means for digital signal processing, 
Wherein electrical signals from said detector are sequen 

tially ?ltered, ampli?ed, digitiZed and processed. 
29.An apparatus as recited in claim 28, further comprising: 
means for electronically cross correlating a digital signal 

With a library of signals of knoWn Raman spectra. 
30. An apparatus as recited in claim 25, said pulsed probe 

laser further comprising: 
an optical ampli?er con?gured to optically amplify light 

from said probe laser; 
a supercontinuum element coupled to said ampli?er; and 
an optical ?lter con?gured to ?lter light from said super 

continuum element. 

20 

25 

30 

35 

40 

50 

55 

60 

65 

20 
31 . An apparatus as recited in claim 25, further comprising: 
a second dispersive element con?gured to receive and dis 

perse light scattered from said sample; and 
an optical ampli?er, 
Wherein light scattered from said sample is dispersed and 

ampli?ed before optical detection. 
32.An apparatus as recited in claim 25, further comprising: 
means for performing stimulated matched detection of 

chemical species in said sample. 
33 . An apparatus as recited in claim 32, Wherein said means 

for performing stimulated matched detection of chemical 
species comprises an electro-optic modulator. 
34.An apparatus as recited in claim 32, Wherein said means 

for performing stimulated matched detection of chemical 
species comprises time-domain modulation of said dispersed 
pulsed probe laser beam. 

35. An apparatus as recited in claim 25, Wherein said opti 
cal detector comprises: 

a coherent optical detector adapted to generate a signal 
from Which the phase of a time-domain Waveform is 
recovered. 

36.An apparatus as recited in claim 35, Wherein said coher 
ent optical detector comprises an optical mixer. 

37. An apparatus as recited in claim 35, Wherein said coher 
ent optical detector further comprises frequency-resolved 
optical gating. 
38.An apparatus as recited in claim 35, Wherein said coher 

ent optical detector further comprises an interferometer. 
39.An apparatus as recited in claim 25, further comprising: 
an optical multiplexer optically coupled to said probe laser. 
40. An apparatus for Raman spectroscopy, comprising: 
a pulsed probe laser; 
a ?rst dispersive element operably coupled to said pulsed 

probe laser con?gured to direct temporally dispersed 
pulsed laser light on a sample; 

a Raman pump laser con?gured to direct laser light on said 
sample; 

a second dispersive element adapted to receive and dis 
perse light scattered from said sample during exposure 
to said pulsed laser light and said Raman pump laser 
light; and 

means for analyZing characteristics of light scattered from 
said sample sampled Within a time domain. 

41 . An apparatus as recited in claim 40, Wherein said means 
for analyZing characteristics of light scattered from said 
sample comprises: 

an optical ampli?er con?gured to amplify light scattered 
from said sample; 

an optical detector con?gured for converting light from 
said optical ampli?er to electronic signals; 

an analog to digital signal converter; and 
a digital signal processor, 
Wherein electronic signals from said optical detector are 

digitiZed and processed. 
42. An apparatus as recited in claim 40, Wherein said ?rst 

and second dispersive element are selected from the group of 
dispersive elements consisting essentially of an optical ?ber, 
an optical grating, a chirper mirror and a prism. 

43. An apparatus as recited in claim 40, Wherein said sec 
ond dispersive element has a sign opposite to a sign of said 
?rst dispersive element. 

44. An apparatus for Raman Microscopy, comprising: 
a source of a plurality of chirped, pulsed probe beams 

directed to a sample; 
a source of a plurality of Raman pump beams directed to a 

sample; and 




