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(57) ABSTRACT 

An apparatus and method are provided for conducting het
erodyne frequency-comb spectroscopy. The apparatus 
includes a first and second frequency-comb generators for 
generating corresponding first and second continuous wave 
laser beams, respectively. The first beam defines a spectrum 
of light having a plurality of modes spaced by a first fre
quency. The second beam defines a spectrum oflight having 
a plurality of modes spaced by a second frequency that is 
greater than the first frequency. The first and second beams 
are combined and the optical power of the combined beam is 
monitored with a data acquisition system to record a time 
trace. The recorded time trace is Fourier transformed such 
that each of spectrums of the first and second beams will 
exhibit a low-frequency comb. By superimposing the two 
combs, a beat frequency in a low-frequency region is assigned 
to an optical frequency. 

25 Claims, 6 Drawing Sheets 
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METHOD AND APPARATUS FOR 
CONDUCTING HETERODYNE 

FREQUENCY-COMB SPECTROSCOPY 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims the benefit of U.S. Provisional 
Application Ser. No. 60/765,963, filed Feb. 7, 2006. 

REFERENCE TO GOVERNMENT GRANT 

This invention was made with United States government 
support awarded by the following agencies: DOE DE-FC26-
02NT41431. The United States has certain rights in this 
invention. 

FIELD OF THE INVENTION 

This invention relates generally to Fourier-transform spec
troscopy, and in particular, to method and apparatus for con
ducting heterodyne frequency-comb spectroscopy utilizing a 
pair of continuous-wave, frequency-comb generators. 

BACKGROUND AND SUMMARY OF THE 
INVENTION 

2 
locked femtosecond laser is defined by a comb of equidistant 
frequencies called modes. By overlapping the output of two 
lasers that generate slightly different combs, one can generate 
a multiplicity of down-converted frequency pairs. More spe-

5 cifically, the difference in the spacings between the combs is 
kept so small that the beat frequency of the two modes is 
significantly smaller than the mode spacing of a single comb. 
The combined beams from the two lasers will exhibit beats at 
multiples of the difference in the spacings between the 

10 combs. If the spectrum of the light is inferred from the Fourier 
transform of the signal's time trace, the spectrum will exhibit 
a low-frequency comb with the above-described spacing due 
to the optical beating. As a result, any frequency pairs would 

15 
be attenuated and show up in the beat spectrum. By superim
posing the two combs, a beat frequency in a low-frequency 
region is assigned to an optical frequency. 

While functional for its intended purpose, it can be appre
ciated that the use of mode-locked femtosecond lasers is cost 

20 prohibitive for most applications. Individual femtosecond 
lasers can cost several hundred thousands of dollars. As a 
result, it is highly desirable to provide a simple and inexpen
sive heterodyne frequency-comb spectroscopy system that 
allows for full spectral measurements. In addition, the use of 

25 mode-locked femtosecond lasers generally requires the use of 
moving parts, which adds to the cost and complexity of this 
approach. 

Therefore, it is a primary object and feature of the present 
invention to provide a heterodyne spectroscopy system that 
allows for full spectral measurements. 

It is a further object and feature of the present invention to 
provide a heterodyne frequency-comb spectroscopy system 
that is inexpensive and technically simple. 

It is a still further and object of the present invention to 
provide heterodyne frequency-comb spectroscopy system 
that utilizes continuous-wave, frequency-comb generators 
and is free of moving parts. 

In accordance with the present invention, an apparatus is 
provided for conducting heterodyne frequency-comb spec
troscopy. The apparatus includes a first frequency-comb gen
erator for generating a first continuous wave laser beam. The 
first beam defines a spectrum oflight that includes a plurality 
of optical frequencies spaced by a first frequency. A second 

Fourier-transform infrared spectrometry is an established 
and very powerful tool for the spectral analysis oflight emit
ted and transmitted by gases, liquids and solids. In its most 30 

common form, a Fourier transform spectrometer includes two 
mirrors located at a right angle to each other and oriented 
perpendicularly. A beamsplitter is positioned at the intersec
tion of the reflection of the mirrors and oriented at a 45° angle 
relative to the mirrors. Radiation, such as light, is directed at 35 

the beamsplitter such that the beamsplitter divides the beam 
into two parts. The parts of the beams are reflected off corre
sponding mirrors and recombined. The recombined parts of 
the beam are sensed by a detector at the output of the spec
trometer. It can be appreciated that the signal recorded at the 40 

output is dependent upon the wavelength of the light and the 
optical path difference between the beamsplitter and each of 
the two mirrors. By varying the position of one of the mirrors 
along a predetermined axis, an interference pattern is gener
ated. 45 

frequency-comb generator generates a second continuous 
wave laser beam. The second beam defines a spectrum oflight 
that includes a plurality of optical frequencies spaced by a 
second frequency. A beam combiner is operatively connected 
to the first and second frequency-comb generator. The beam 

In heterodyne spectroscopy, the different colors of light 
that are naturally encoded by their unique wave frequencies 
are exploited. These frequencies are generally too high to be 
detected directly. As such, frequency down-conversion can be 
achieved by mixing a light wave with narrow-bandwidth light 50 

combiner combines the first and second beams and provides 
the same as a combined beam. The combined beam has a 
plurality of beat frequencies dependent upon the optical fre
quencies of the spectrums of light defined by the first and 
second beams. 

of a known, but slightly different frequency. Consequently, 
the envelope oflight will oscillate at a beat frequency, i.e., the 
difference between the frequencies of the two light waves. 
The beat frequency can be tailored to reside in the radio 
frequency and lower frequency bands. It becomes a simple 55 

task to measure the amplitude of the beat frequency using 
standard detectors and standard data acquisition devices like 
oscilloscopes. However, it can be appreciated that researchers 
often need to measure more complicated spectra, encompass
ing thousands of data points, rather than just two. Conse
quently, in order to expand the basic heterodyne spectroscopy 
approach to full spectral measurements, one would need a 
large number of lasers with known frequencies. Hence, this 
approach can be unduly burdensome. 

The first frequency-comb generator includes a filter having 
an input and an output. The filter controls the spacing of the 
plurality of optical frequencies of the first beam. The filter 
includes an etalon and the first frequency-comb generator 
includes a controller operatively connected to the filter. The 

60 controller controls the temperature of the etalon. The spacing 
of the plurality of optical frequencies of the first beam is 
dependent on the temperature of the etalon. 

In order to overcome the limitations of the basic hetero- 65 

The first frequency-comb generator includes an optical 
amplifier for generating an initial laser beam having prede
termined optical power and an output coupler. The output 
coupler generates the first beam from a first output portion of dyne spectroscopy approach, mode-locked femtosecond 

lasers have been used. As is known, the spectrum of a mode- the optical power and directs a feedback portion of the optical 



US 7,483,143 B2 
3 

power to the input of the filter. The first output portion of the 
optical power is generally equal to 2 percent of the optical 
power. 

4 
determine a beat spectrum. The step of generating the first 
continuous wave laser beam includes the step of generating 
optical power having a spectrum. At least a portion of the 
optical power is filtered so that the spectrum has the plurality The first frequency-comb generator may also include an 

isolator operatively connected to the linear optical amplifier 
and to the optical coupler. The isolator insures the optical 
power propagates in a first direction. An optical attenuator has 
an input operatively connected to the output of the filter and 

5 of optical frequencies spaced by the first frequency. The first 
continuous wave laser beam is generated in response to the 
spectrum. The step of filtering at least a portion of the optical 
power includes the additional step of passing the portion of 

an output. A polarization cavity has an input operatively 
connected to the output of the optical attenuator and an output 10 

operatively connected to the input of the optical actuator. The 
optical attenuator controls the optical power of the initial laser 
beam. The polarization cavity maintains the linear polariza
tion of the feedback portion of the optical power. 

A spectrum analyzer may be operatively connected to the 15 

beam combiner. The spectrum analyzer records the combined 
beam. An enclosure is provided for receiving the first and 
second frequency-comb generators therein. 

In accordance with a further aspect of the present inven
tion, an apparatus is provided for conducting heterodyne fre- 20 

quency-comb spectroscopy. The apparatus includes first and 
second frequency-comb generators. Each frequency-comb 
generator includes a laser cavity and an output coupler. The 
laser cavity propagates optical power traveling thereon. The 
output coupler optically communicates with the laser cavity 25 

for receiving the optical power. The output coupler generates 
a continuous wave laser beam from a first output portion of 
the optical power. The continuous waver laser beam defines a 
spectrum oflight that includes a plurality of optical frequen
cies spaced by a frequency. A beam combiner is operatively 30 

connected to the first and second frequency-comb generators. 
The beam combiner combines the first and second continuous 
wave laser beams generated by the first and second fre
quency-comb generators and provides the same as a com
bined beam. The combined beam has a plurality of beat fre- 35 

quencies dependent upon the optical frequencies of the 
spectrums oflight defined by the first and second continuous 
wave laser beams. 

Each frequency-comb generator includes a filter optically 
communicating with the laser cavity. The filter includes an 40 

etalon and each frequency-comb generator includes a con
troller operatively connected to the filter. The controller con
trols the temperature of the etalon. The spacing of the plural-
ity of optical frequencies of the spectrum oflight is dependent 
on the temperature of the etalon. The first output portion of the 45 

optical power is generally equal to 2 percent of the optical 
power. A spectrum analyzer may be operatively connected to 
the beam combiner. The spectrum analyzer records the com
bined beam. 

In accordance with a still further aspect of the present 50 

invention, a method is provided for conducting heterodyne 
frequency-comb spectroscopy. The method comprises the 
steps of generating at least one continuous wave comb 
defined by a plurality of optical frequencies. The optical 
frequencies of the at least one continuous wave comb are 55 

down-converted and an optical spectrum for the at least one 
continuous wave comb is determined from the down-con
verted optical frequencies. 

The step of generating the at least one continuous wave 
comb includes the steps of generating a first continuous wave 60 

laser beam having a plurality of optical frequencies spaced by 
a first frequency that define a first continuous wave comb and 
generating a second continuous wave laser beam having a 
plurality of optical frequencies spaced by a second frequency 
that define a second continuous wave comb. The step of 65 

down-converting the optical frequencies includes the step of 
superimposing the first and second continuous wave combs to 

the optical power through an etalon. 
In accordance with a still further aspect of the present 

invention, a method is provided for conducting heterodyne 
frequency-comb spectroscopy. The method includes the step 
of generating at least one continuous wave comb defined by a 
plurality of optical frequencies. The plurality of optical fre
quencies is designated to generate modulations at lower beat
ing frequencies and the lower beating frequencies are desig-
nated to observe an optical spectrum. 

The method may include the additional step of exposing 
the at least one continuous wave comb to a predetermined 
stimulus. The exposing step may include the step of passing 
the at least one continuous wave comb through a sample. The 
at least one continuous wave comb may be generated by 
generating a first continuous wave laser beam having a plu-
rality of optical frequencies spaced by a first frequency that 
define a first continuous wave comb and generating a second 
continuous wave laser beam having a plurality of optical 
frequencies spaced by a second frequency that define a sec
ond continuous wave comb. In addition, the step of designat-
ing the plurality of optical frequencies may include the step of 
superimposing the first and second continuous wave combs to 
generate the lower beating frequencies. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The drawings furnished herewith illustrate a preferred 
methodology of the present invention in which the above 
advantages and features are clearly disclosed as well as others 
which will be readily understood from the following descrip
tion of the illustrated embodiment. 

In the drawings: 
FIG. 1 is a schematic view of an apparatus for conducting 

heterodyne frequency-comb spectroscopy in accordance with 
the present invention; 

FIG. 2 is a schematic view of a frequency-comb generator 
for the apparatus of the present invention; 

FIG. 3 is a graphical representation of the power versus the 
frequency of the frequency-combs generated by the fre
quency generators of the apparatus of the present invention; 

FIG. 4a is a graphical representation of an exemplary 
absorption spectroscopy showing the transmission intensity 
versus the frequency of the frequency-combs generated by 
the frequency generators of the apparatus of the present 
invention; 

FIG. 4b is a heterodyned graphical representation of the 
signal depicted in FIG. 4a showing the heterodyned signal 
versus the beat frequency; 

FIG. 5 is a schematic view of an alternate embodiment of 
the apparatus for conducting heterodyne frequency-comb 
spectroscopy in accordance with the present invention; 

FIG. 6 is a schematic view of a still further embodiment of 
the apparatus for conducting heterodyne frequency-comb 
spectroscopy in accordance with the present invention; 

FIG. 7 is a graphical representation of the power versus the 
frequency of the frequency-combs generated by the apparatus 
of FIG. 6; 
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FIG. Sa is a schematic view ofa still further embodiment of 
the apparatus for conducting heterodyne frequency-comb 
spectroscopy in accordance with the present invention; 

FIG. Sb is a graphical representation of the power versus 
the frequency of the frequency-combs generated by the appa
ratus of FIG. Sa; 

FIG. Sc is a heterodyned graphical representation of the 
signal depicted in FIG. Sb showing the heterodyned signal 
versus the beat frequency; 

FIG. 9a is a schematic view ofa still further embodiment of 
the apparatus for conducting heterodyne frequency-comb 
spectroscopy in accordance with the present invention; 

FIG. 9b is a graphical representation of the spectral power 
versus the optical frequency of the absorption spectrum gen
erated by the apparatus of FIG. 9a; and 

FIG. Sc is a graphical representation of the down-converted 
signal depicted in FIG. 9b showing the spectral power versus 
the beat frequency in the radio frequency range. 

DETAILED DESCRIPTION OF THE DRAWINGS 

Referring to FIG. 1, the frequency-comb spectroscopy sys
tem of the present invention is generally designated by the 
reference numeral 10. Frequency-comb spectroscopy system 

6 
32 eliminates the effects of optical feedback of the optical 
energy generated by linear optical amplifier 26 and guaran
tees the unidirectional lasing operation of first frequency
comb generator 12. The output of first frequency-comb gen-

5 erator 12 is taken from an output coupler that is integrated into 
isolator 32. As a result, a predetermined percentage of the 
propagating light, e.g., 2%, is taken as the output of first 
frequency-comb generator 12 and a predetermined percent
age of the propagating light, e.g., 98%, is taken as feedback 

10 for the first frequency-comb generator 12. The feedback por
tion of the propagating light is imputed into a tunable comb 
filter or etalon 34. Etalon 34 outputs optical energy having a 
spectrum defined by a comb of wavelengths or modes, each 
separated by a desired frequency. Each mode defines a cor-

15 responding optical frequency. In the depicted embodiment, 
temperature controller 36 is operatively connected to etalon 
34. Utilizing temperature controller 36, the temperature of 
etalon 34 may be controlled in predetermined increments, 
e.g., tenths of a degree Kelvin, the frequency spacing of the 

20 modes may be fine-tuned. The output of etalon 34 is passed 
through variable optical attenuator 38 to control the output 
power of first frequency-comb generator 12 and through 
polarization cavity 36 to maintain the linear polarization of 
the frequency-comb traveling on fiber ring 25. 

The outputs of first and second frequency-comb generators 
12 and 14, respectively, are combined in any conventional 
manner at node 22. By way of example, the optical power of 
this combination may then be monitored with a data acquisi
tion system, such as a photo receiver and a real-time sampling 

10 includes first and second frequency-comb generators 12 25 

and 14, respectively, housed within a single cavity such as 
environmentally sealed box 16. As hereinafter described, the 
outputs 18 and 20 of first and second frequency-comb gen
erators 12 and 14, respectively, are combined at node 22 and 
provided to oscilloscope 24 and optical spectrum analyzer 26. 30 oscilloscope 24. The time trace recorded with this device can 

then be Fourier transformed, block 40. The combined outputs 
can also be recorded with optical spectrum analyzer 26. 

It is noted that first and second frequency-comb generators 12 
and 14, respectively, are identical in structure. As such, the 
description hereinafter of first frequency-comb generator 12 
is understood to describe the structure of second frequency
comb generator 14 as if fully provided herein. 

Referring to FIG. 2, first frequency-comb generator 12 
includes a fiber cavity such as fiber ring 25 for propagating 
optical energy between the various components of first fre
quency-comb generator 12 hereinafter described. It is noted 
that the following description of the location of the various 
components on fiber ring 25 is merely exemplary and that the 
various component may be rearranged on fiber ring 25 with
out deviating from the scope of the present invention. Fiber 
ring 25 may take the form of a polarization-maintaining, 
dual-clad fiber. By way of example, the material from which 
fiber ring 25 is fabricated may doped with laser-active atoms 
or molecules and the core of fiber ring 25 may be embedded 
in a transparent second cladding in order to propagate the 
optical energy along the resonator core. 

First frequency-comb generator 12 further includes an 
optical amplifier such as linear optical amplifier 26 mounted 
on base plate 28 and electrically coupled to power source 30. 
Linear optical amplifier 26 is a semiconductor optical ampli
fier designed such that its output power is highly linear with 
respect to input power. It is similar to a conventional semi
conductor optical amplifier, except that a vertical-cavity sur
face-emitting laser operates simultaneously in the same gain 
medium as the amplifier. However, it can be appreciated that 
a conventional optical amplifier may be used without deviat
ing from the scope of the present invention. The laser or 
optical energy generated by linear optical amplifier 26 is 
continuous and has a spectrum defined by a frequency-comb 
that is generated by the resonator core of fiber ring 25 in 
which the lasing material is embedded, since only integer 
multiples of the laser wavelength fit into the resonator core. 

The optical energy outputted oflinear optical amplifier 26 
is provided to optical isolator 32. As is conventional, isolator 

It is noted first and second frequency-comb generators 12 
and 14, respectively, may be combined on a single fiber ring 

35 having two polarization axes. As such, the effective lengths of 
polarization in the fiber ring are different. Therefore, the 
optical energy generated by a single optical amplifier will 
propagate on the fiber ring travel along paths of different 
length. In such manner, first and second frequency combs can 

40 be generated. 
In operation, the method of the present invention relies on 

first and second frequency-comb generators 12 and 14, 
respectively, to generate corresponding spectrums of light 
that are characterized as frequency combs with slightly dif-

45 ferent mode spacing. The frequency comb generated by the 
first frequency-comb generator 12 is designated by the refer
ence number 41a and the frequency comb generated by the 
second frequency-comb generator 14 is designated by the 
reference number 41b, FIG. 3. As heretofore described, the 

50 mode spacing of the frequency combs may be controlled by 
using temperature controllers 3 6 to fine tune the temperatures 
of etalons 34 of first and second frequency-comb generators 
12 and 14, respectively. Referring to FIG. 3, the mode spac
ings of the frequency comb generated by first frequency-

55 comb generator 12 are designated as fcavity hertz, while the 
mode spacings of the frequency comb generated by second 
frequency-comb generator 14 are designated as fcavity+ 

ti.hertz. The difference between the mode spacings ti. of the 
frequency comb generated by the first frequency-comb gen-

60 erator 12 and the frequency comb generated by second fre
quency-comb generator 14 is kept small so the beat frequency 
of the modes is always significantly smaller than the mode 
spacing fcavity of the frequency comb generated by the first 
frequency-comb generator 12. The combined beam generated 

65 at node 22 will exhibit beats at m multiples of the difference 
between the mode spacings ti., i.e. ti., 2li., 3li., etc. When 
overlapping the frequency combs, the time trace of the optical 
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power exhibits variations at various beat frequencies. If any of 
the frequency pairs would be attenuated, this would show up 

8 
Apparatus 60 includes a plurality of narrow bandwidth lasers 
62a-62d. Narrow bandwidth lasers 62a-62d generate corre
sponding optical energies 64a-64d, respectively, at predeter
mined optical frequencies, FIG. Sb. Optical energies 64a-64d 

in the beat spectrum. By superimposing the two frequency 
combs, the methodology of the present invention allows a 
user to down convert and assign the optical frequencies of the 
two frequency combs to beat frequencies in a low frequency 
region. 

5 generated by narrow bandwidth lasers 62a-62d, respectively, 
are combined by combiner 66 such that the time trace of 
optical energies 64a-64d exhibits variations at various beat 
frequencies. As described, it can be appreciated that a user can 
down convert and assign the optical frequencies of optical 

Referring to FIGS. 4a-4b, in the case of absorption spec
troscopy, it is contemplated for first and second frequency
comb generators 12 and 14, respectively, to emit light of 
ordinary colors (high frequencies). However, each color is 
uniquely tagged by a low-frequency beat so that it can be 
identified downstream. The light is directed through an 
absorber such that certain colors are attenuated, depicted by 
curve 42 in FIG. 4a. The transmitted intensity is recorded as 15 

a function of time by the detector with a bandwidth high 
enough to encompass the low-frequency beat comb, FIG. 4b, 
but much lower than the optical frequency of light. The 
recorded time trace is Fourier transformed, and the retrieved 
transmission spectrum reproduces that of the absorber. 

10 energy pairs to beat frequencies 66a-66b in a low frequency 
region. FIG. Sc. In the case of absorption spectroscopy, opti
cal energies 64a-64d are directed through an absorber such 
that certain colors are attenuated. The transmitted intensity is 
recorded as a function of time and the recorded time trace is 
Fourier transformed such that the retrieved transmission 
spectrum reproduces that of the actual spectrum of the 
absorber. 

Referring to FIG. 9a, a still further embodiment of an 
apparatus for conducting heterodyne frequency-comb spec-

20 troscopy is generally designated by the reference numeral 70. 
Referring to FIG. 5, it is contemplated to replace first and 

second frequency-comb generators 12 and 14, respectively, 
with external cavity laser 44 built with a birefringent medium 
in cavity 46. The frequency-comb emitted from an external 
cavity laser features equidistant modes and the mode spacing 25 

depends on the length of cavity 46. As is known, the round
trip travel time for light in a cavity, and hence, the cavity mode 
spacing, is proportional to the refractive index of the medium 
through which the light travels. As depicted in FIG. 5, optical 
radiation incident on a birefringent medium will generally 30 

travel as two orthogonally polarized waves that travel at dif
ferent speeds. In this way, two different effective cavity 
lengths can be supported in a single laser cavity 46, each 
length supporting its own frequency comb. By choosing the 
appropriate birefringence, the detuning of the frequency 35 

combs can be adjusted. 
It order to generate the optical beating in cavity 46, one of 

the polarized waves could be rotated by 90 degrees, or alter
natively, the combined beam could be detected by a polarizer 
that has a polarization axis orientated at 45 degrees with 40 

respect to the two polarized waves. Polarization-maintaining 
fiber 48 sustains the two polarized waves with slightly differ
ent refractive indices. Due to the polarization-maintaining 
character of the core of fiber 48, the fiber will form cavities of 
two lengths. Output coupler 50 takes a predetermined per- 45 

centage of the propagating light, e.g., 1 %, as the output hav
ing a spectrum defined by a comb of wavelengths or modes 
similar to that depicted in FIG. 3. 

Referring to FIG. 6, in a still further embodiment, it is 
contemplated to provide a single chirped frequency comb that 50 

is arranged so that each optical frequency (color) beats at a 
unique radio-frequency. One way to do this is to build a laser 
cavity 52 with an effective length that has a chromatic depen
dence. Each reflector forming the cavity is a chirped fiber 
Bragg grating. In this realization, the shortest wavelengths 55 

oscillating in the cavity oscillate in a relatively short cavity, 
and the longest wavelengths oscillating in the cavity oscillate 
in a relatively long cavity. As best seen in FIG. 7, each feature 
in the depicted comb will beat with all the other features. If 
cavity 52 is designed appropriately, each beat frequency can 60 

be assigned to a unique optical frequency ( color). In this way, 
a down conversion analogous to the one described above for 
the two-comb-generator case can be achieved with a single 
chirped comb. 

Referring to FIG. Sa, a still further embodiment of an 65 

apparatus for conducting heterodyne frequency-comb spec
troscopy is generally designated by the reference numeral 60. 

Apparatus 70 includes ring cavity 72 including linear optical 
amplifier 74, grating compressor 76, and isolator 78 that 
insures unidirectional lasing operation within ring cavity 72. 
Due to the grating dispersion, the length ofring cavity 74 is 
wavelength-dependent since the optical energies of different 
frequencies ( or in other words, different colors) have different 
path lengths through grating compressor 76. As such, an 
unequally spaced frequency comb is generated. The output of 
ring cavity 72 is taken from output coupler 80 and the output 
of output coupler 80 is taken from output coupler 82 so to 
generate first and second frequency combs. 

In operation, the first frequency comb is passed through 
sample of material 83 so as to generate absorption spectrum I. 
Absorption spectrum I and reference spectrum I

0 
defined by 

the second frequency comb are provided to oscilloscope 84 
through photo-receivers 86a and 86b and to optical spectrum 
analyzer 88, for reasons hereinafter described. Absorption 
spectrum I is defined by a plurality of not equally spaced 
modes m wherein the spacing of the modes changes as a 
function of the wavelength, FIG. 9b. The interference of 
adjacent modes exhibits unique beating frequencies A,, and 
thus, produces a first order replica of absorption spectrum I in 
the radio-frequency range, FIG. 9c. In addition, a high order 
replica of the absorption spectrum I emerges from the inter
ference of nearby, but not adjacent, modes, e.g., second order 
beating frequencies, B,. 

It can be appreciated that use ofa higher order replica of the 
absorption spectrum I entails a coarser discretization. How
ever, because of the diverging structure of the absorption 
spectrum I, the footprint in the radio-frequency Fourier space 
becomes larger in higher order replicas. Also, because the 
maximum full width half of each mode does not change when 
the mode is used in higher order, the effective finesse scales 
approximately with the order number. Additional advantages 
of high orders are the decrease of inherent semiconductor 
amplifier intensity noise associated with higher frequencies 
and the possibility of averaging multiple orders. The maxi
mum order number is set when the information is two con
secutive orders starts to overlap. 

Various modes of carrying out the invention are contem
plated as being within the scope of the following claims 
particularly pointing out and distinctly claiming the subject 
matter that is regarded as the invention. 

We claim: 
1. An apparatus for conducting heterodyne 

comb spectroscopy on a sample, comprising: 
frequency-



US 7,483,143 B2 
9 

a first frequency-comb generator for generating a first con
tinuous wave laser beam, the first beam defining a spec
trum oflight that includes a plurality of optical frequen
cies spaced by a first frequency; 

a second frequency-comb generator for generating a sec- 5 

ond continuous wave laser beam, the second beam defin
ing a spectrum oflight that includes a plurality of optical 
frequencies spaced by a second frequency; and 

10 
wave laser beam defining a spectrum of light includ
ing a plurality of optical frequencies spaced by a 
frequency;and 

a beam combiner operatively connected to the first and 
second frequency-comb generators, the beam combiner 
combining the first and second continuous wave laser 
beams generated by the first and second frequency
comb generators upstream of the sample and providing 
the same as a combined beam having a plurality of beat 
frequencies dependent upon the optical frequencies of 
the spectrums of light defined by the first and second 
continuous wave laser beams. 

a beam combiner operatively connected to the first and 
second frequency-comb generators, the beam combiner 10 

combining the first and second beams upstream of the 
sample and providing the same as a combined beam 
having a plurality of beat frequencies dependent upon 
the optical frequencies of the spectrums oflight defined 

12. The apparatus of claim 11 wherein each frequency
comb generator includes a filter optically communicating 

15 with the laser cavity, the filter receiving a feedback portion of 
the optical power from the output coupler and spacing the 
optical frequencies of the spectrum oflight by the frequency. 

13. The apparatus of claim 12 wherein the filter includes an 
etalon. 

by the first and second beams. 
2. The apparatus of claim 1 wherein the first frequency

comb generator includes a filter having an input and an out
put, the filter controlling the spacing of the plurality of optical 
frequencies of the first beam. 

3. The apparatus of claim 2 wherein the filter includes an 20 

etalon. 
14. The apparatus of claim 13 wherein each frequency-

comb generator includes a controller operatively connected to 
the filter, the controller controlling the temperature of the 
etalon, and wherein the spacing of the plurality of optical 
frequencies of the spectrum of light is dependent on the 

4. The apparatus of claim 3 wherein first frequency-comb 
generator includes a controller operatively connected to the 
filter, the controller controlling the temperature of the etalon, 
and wherein the spacing of the plurality of optical frequencies 
of the first beam is dependent on the temperature of the etalon. 

25 temperature of the etalon. 

5. The apparatus of claim 2 wherein the first frequency
comb generator includes an optical amplifier for generating 
an initial laser beam having predetermined optical power and 
an output coupler, the output coupler generating the first beam 30 

from a first output portion of the optical power and directing 
a feedback portion of the optical power to the input of the 
filter. 

6. The apparatus of claim 5 wherein the first output portion 
of the optical power is equal to 2 percent of the optical power. 35 

7. The apparatus of claim 5 wherein the first frequency
comb generator includes an isolator operatively connected to 
the optical amplifier and to the optical coupler, the isolator 
ensuring the optical power propagates in a first direction. 

8. The apparatus of claim 5 wherein the first frequency- 40 

comb generator includes: 
an optical attenuator having an input operatively connected 

to the output of the filter and an output; and 
a polarization cavity having an input operatively connected 

to the output of the optical attenuator and an output 45 

operatively connected to the input of the optical actua
tor; wherein: 

15. The apparatus of claim 11 wherein the first output 
portion of the optical power is equal to 2 percent of the optical 
power. 

16. The apparatus of claim 11 further comprising a spec
trum analyzer operatively connected to the beam combiner, 
the optical spectrum analyzer recording the combined beam. 

17. A method for conducting heterodyne frequency-comb 
spectroscopy, comprising the steps of: 

generating at least one continuous wave comb defined by a 
plurality of optical frequencies; 

designating the plurality of optical frequencies to generate 
modulations at lower beating frequencies; and 

detecting the lower beating frequencies to observe an opti
cal spectrum for the at least one continuous wave comb. 

18. The method of claim 17 wherein the step of generating 
the at least one continuous wave comb includes the steps of: 

generating a first continuous wave laser beam having a 
plurality of optical frequencies spaced by a first fre
quency that define a first continuous wave comb; and 

generating a second continuous wave laser beam having a 
plurality of optical frequencies spaced by a second fre
quency that define a second continuous wave comb. the optical attenuator controls the optical power of the 

initial laser beam; and 
the polarization cavity maintains the linear polarization of 

the feedback portion of the optical power. 

19. The method of claim 18 comprising the additional step 

50 of superimposing the first and second continuous wave combs 
to determine a beat spectrum. 

9. The apparatus of claim 1 further comprising a spectrum 
analyzer operatively connected to the beam combiner, the 
spectrum analyzer recording the combined beam. 

10. The apparatus of claim 1 further comprising an enclo- 55 

sure for receiving the first and second frequency-comb gen
erators therein. 

11. An apparatus for conducting heterodyne frequency
comb spectroscopy on a sample, comprising: 

first and second frequency-comb generators, each fre- 60 

quency-comb generator including: 
a laser cavity for propagating optical power traveling 

therein; 
an output coupler optically communicating with the 

laser cavity for receiving the optical power and gen- 65 

erating a continuous wave laser beam from a first 
output portion of the optical power, the continuous 

20. The method of claim 18 wherein the step of generating 
the first continuous wave laser beam includes the steps of: 

generating optical power having a spectrum; 
filtering at least a portion of the optical power so that the 

spectrum has the plurality of optical frequencies spaced 
by the first frequency; and 

generating the first continuous wave laser beam in response 
to the spectrum. 

21. The method of claim 20 wherein the step of filtering at 
least a portion of the optical power includes the additional 
step of passing the portion of the optical power through an 
etalon. 

22. The method of claim 21 wherein the etalon has a tem
perature and wherein the step of filtering at least a portion of 
the optical power includes the additional step of tuning the 
first frequency by adjusting the temperature of the etalon. 
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23. The method of claim 18 wherein the second frequency 
is greater than the first frequency. 

24. A method for conducting heterodyne frequency-comb 
spectroscopy, comprising the steps of: 

generating a first continuous wave laser beam having a 
plurality of optical frequencies spaced by a first fre
quency that define a first continuous wave comb; 

generating a second continuous wave laser beam having a 
plurality of optical frequencies spaced by a second fre
quency that define a second continuous wave comb 

12 
superimposing the first and second continuous wave combs 

to generate lower beating frequencies; 
exposing the superimposed the first and second continuous 

wave combs to a predetermined stimulus; 
5 detecting the lower beating frequencies to observe an opti-

cal spectrum. 
25. The method of claim 24 wherein the step of exposing 

the at least one continuous wave comb to a predetermined 
stimulus includes the step of passing the at least one continu-

10 ous wave comb through a sample. 

* * * * * 
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