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FIG. 1

(57) Abstract: A method of interrogating an absorbing sample includes using a mode-locked laser mode-locked in both a clock-wise
(CW) and a counter-clock wise (CCW) direction to generate first and second optical pulses having different repetition rates. One of
the first and second optical pulses is directed in a CW direction and the other of the first and second optical pulses is directed in the
CCW direction. The first optical pulses are transmitted through the absorbing sample to probe the absorbing sample while the
second optical pulses are transmitted through the absorbing sample to act as a local oscillator. An interference pattern produced by
interterence between the first and second optical pulses is detected after traversing the absorbing sample.
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Dual-Comb Spectroscopy with a Free-Running Bidirectionally Mode-Locked

Fiber Laser

Background

[0001] Optical frequency combs (OFCs) are useful tools for many applications including
optical clocks, precision frequency/time transfer, low phase noise microwave generation,
astronomical spectrograph calibration, molecular spectroscopy, coherent LIDAR, and
arbitrary optical/RF waveform generation. The main advantage of OFCs arises from the fact
that thousands of highly coherent optical frequencies are accurately and precisely defined
with only two degrees of freedom, namely, the carrier-envelop-offset frequency (CEO
frequency) and the repetition rate of the femtosecond laser pulse train. Despite years of
research and development effort from both academia and industry, OFCs are generally
currently available only at leading metrology labs that can build the laser system themselves
or have enough resources to purchase expensive commercial OFCs. OFCs may find more
widespread use in practical applications if they are less expensive, easier to build, and more
robust such that they can work outside of a controlled laboratory environment. This is
particularly true for applications needing more than one OFC such as for dual-comb
spectroscopy (DCS).

[0002] In DCS, two broadband mutually coherent OFCs (at least during the time of
measurement) working at the same center frequency but having a slight difference in
repetition rates are needed. DCS can achieve high spectral resolution and short acquisition
time simultaneously since no moving part is involved. In addition, single-shot, high signal-to-
noise ratios over a large spectrum bandwidth have been demonstrated with the use of tightly
phase-locked coherent OFCs. One of the ongoing research efforts is focusing on simplifying
the experimental setup for a high quality DCS. A notable result in this direction is the
adaptive sampling technique reported in T. Ideguchi et al., “Adaptive real-time dual-comb
spectroscopy,” Nat. Commun. 5, 3375 (2014). It turned out that the demanding phase-locking
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requirement of the two OFCs can be removed by an adaptive sampling technique using
specially designed electronics. Recently, another technique has been demonstrated that
allowed DCS of an acetylene gas cell using two free-running mode-locked fiber lasers. The
experimental setup is simpler but it did not achieve single-shot measurement due to the poor
signal-to-noise. DCS has also been reported with the use of a single mode-locked laser and a
Dazzler, but the spectral resolution and noise performance were limited.

[0003] DCS is a form of Fourier transform spectroscopy. In order to simplify its
requirements, the traditional moving mirror is replaced by sampling one OFC with a second
OFC which operates at a slightly different repetition rate. The two combs are typically
generated from two different laser cavities so they are not phase coherent. DCS requires the
two combs to be phase coherent during the time of measurement since narrow absorption
lines would be washed out otherwise. One way to implement DCS in a phase coherent
manner is to phase lock the two combs using electronics. Each comb has two degrees of
freedom, so four servo locks are needed on top of the knowledge of the CEO frequency for
each comb (which typically requires octave spanning supercontinuum generation for f-to-2f
detection). This approach is not simple but it works and exhibits the best DCS performance

achieved so far.
Summary

[0004] In accordance with one aspect of the subject matter described herein, a DCS
arrangement is provided for generating the two OFCs from a single laser cavity so that
common noise/drifts are cancelled, which should remove the need for complex phase locking
apparatus. It is known that a ring fiber laser that can be mode-locked bidirectionally may be
used to generate two OFCs. More specifically, in K. Kieu and M. Mansuripur, "All-fiber
bidirectional passively mode-locked ring laser," Opt. Lett. 33, 64-66 (2008), a bidirectionally
mode-locked laser has been proposed for precision rotation sensing, where it was desirable to
have the two laser pulse trains to lock in repetition rate. It was also observed in this reference
that the two femtosecond laser pulse trains could have a slightly different repetition rates but
the authors did not explore DCS with the laser source at that time.

[0005] In one particular implementation, a bidirectional mode-locked fiber laser generates

two femtosecond frequency combs (with a small difference in repetition rates) so that they are
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mutually coherent. Since environmental noise or laser drift are common to both frequency
combs they can be cancelled out automatically. For that reason, real-time absorption
spectroscopy measurements have been obtained without the need for complex servo locking
or post-signal processing with accurate frequency referencing and relatively high signal to
noise ratio.

Brief Description of the Drawings

[0006] FIG. 1 shows a simplified dual-comb spectroscopy arrangement in which an
absorbing sample is interrogated by a frequency comb laser source.

[0007] FIG. 2A shows the pulse trains generated by the laser sources of FIG. 1 being down-
converted or mapped into the radio frequency (RF) region and FIG. 2B shows the pulse trains
generated by the laser sources of FIG. 1 in the time domain.

[0008] FIG. 3 shows a schematic diagram of one example of a dual-comb spectroscopy
(DCS) arrangement that employs a single free-running bidirectionally mode-locked laser.
[0009] FIG. 4A shows the spectra of the two frequency combs generated by the mode-
locked laser of FIG. 3 and FIG. 4B shows their Allen deviation values.

[0010] FIG. SA shows representative beatnotes recorded by the Fast Fourier Transform
(FFT) of the voltage signal between a CW laser and one of the nearby modes of the combs
output from the absorbing sample; FIG. 5B shows the measured time evolution of f,4,

fp2 and Af,, for 180 successive single shot acquisitions.

[0011] FIG. 6A shows a portion of a single-shot and a zoom-in region at the center of the
burst interferogram output from the absorbing sample; FIG. 6B shows the absorption
spectrum of the sample in the RF domain.

[0012] FIG. 7 presents the 21 extracted most intense absorption lines in the P-band of the
sample in the NIR region (upper lines in the bottom panel of FIG. 7) and the peak absorption
values retrieved from the National Institute of Standard and Technology (NIST) database
(bottom lines in the bottom panel of FIG. 7).

[0013] FIG. 8 shows the beating between pairs of the modes of the frequency combs in the

optical domain to form the down-converted RF comb.
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Detailed Description

[0014] The basic operating principles of dual-comb spectroscopy will be illustrated with
reference to FIGs. 1 and 2. FIG. 1 shows a simplified dual-comb spectroscopy arrangement in
which an absorbing sample 110 is interrogated by a frequency comb laser source 120. The
sample’s response encoded by this interrogating comb needs then to be retrieved by a
spectrometer. This is achieved by heterodyning the interrogating comb with a second
frequency comb laser source 130, which serves as a reference or local oscillator. A fast
photodetector 140 then produces an output signal with a comb of radio frequencies due to
interference between pairs of optical comb lines.

[0015] The two frequency combs have slightly different line spacings. As shown in
FIG. 2A, in the frequency domain the repetition frequency of the two laser sources 120
and 130 is f1 and fn, respectively, and they differ by Afi<< fr1. The reference comb 2
with fo line spacing acts as a local oscillator or multiplexed heterodyne receiver to
generate a radio-frequency comb. As further shown in FIG. 2A, the optical spectrum is thus
effectively down-converted or mapped into the radio frequency region, where it becomes
accessible to fast digital signal processing. FIG. 2B shows the pulse trains generated by the
laser sources 120 and 130 in the time domain. The reference comb FC2 pulse train
generated by the laser source 130 slowly walks through the interrogating pulse train FC1
generated by the laser source 120 to produce a measurement I(t) of the interrogating
electric field. In this way the full complex response of the absorbing sample 110 (i.e., phase
and amplitude) with the frequency resolution and accuracy inherent in the comb source.
[0016] As described below, a method and apparatus is presented in which the two frequency
combs are generated by a single laser cavity, thereby eliminating the need for a complex
phase locking apparatus.

[0017] FIG. 3 shows a schematic diagram of one example of a dual-comb spectroscopy
(DCS) arrangement that employs a free-running bidirectionally mode-locked laser such as a
bidirectionally mode-locked ring fiber laser 205 that uses a rare-earth doped segment 207 as
the gain medium. In one implementation the rare-earth element that is employed is erbium
(Er). The single cavity ring fiber laser 205 generates two optical frequency combs (OFCs).
The repetition rate difference between the two OFCs may be, in one example, about 60Hz.
The two OFCs are amplified in two separate optical amplifiers 210 and 215 such as Er-doped
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fiber amplifiers (EDFA) and then combined for DCS on an absorbing sample 220, which in
this example is an HCN gas cell. The repetition rate of one OFC is measured with a first
photodiode (PD1) 225 and a first frequency counter (FC1) 230. The repetition rate difference
is measured with a second photodetector (PD2) 235 and a second frequency counter (FC2)
240. The mode-locked ring fiber laser 205 employs a saturable absorber 245 that is based on
carbon nanotubes coated on a fiber taper. Also shown in FIG. 3 are such ancillary
components of the mode-locked ring fiber laser 205 such as a polarization controller (PC)
250, a wavelength division multiplexer (WDM) 212 for injecting the pump power into the
laser cavity, and a 2x2 50/50 coupler 222 for extracting the two optical frequency combs.
[0018] The ring fiber laser 205 can be mode-locked in both the clockwise (CW) and
counter-clockwise (CCW) directions by increasing the pump power above the laser
threshold. The inline-type polarization controller 250 is used in the cavity to optimize
the operation of the laser.

[0019] Those of ordinary skill in the art will recognize that the arrangement shown in FIG. 3
is only illustrative of a variety of different DCS arrangements that may employ a bidirectional
mode-locked laser. For example, while in FIG. 3 the two OFCs are combined prior to being
directed to the absorbing sample 220, in other implementations the two OFCs may be
separately directed to the absorbing sample and combined therein. Moreover, the operating
frequencies presented below are shown for illustrative purposes only. More generally, the
laser may operate at any frequencies that are suitable for interrogating any particular sample.
[0020] In general, any pulsed laser source using any suitable technique may be employed in
the DCS arrangement to generate the two optical frequency combs. For instance, directly
modulated lasers or mode-locked lasers may be used in some embodiments. In a mode-
locked laser such as shown in FIG. 3, the various modes oscillate with fixed phases with
respect to one another. In this way the laser modes will all periodically constructively interfere
with one another, producing an intense burst or pulse of light. Such a laser is said to be mode-
locked or phase-locked.

[0021] The pulsed laser source may be mode-locked by either an active mode-locking
technique or a passive mode-locking technique. In active mode-locking, an external signal
drives a modulator that modulates the light in the laser cavity. The modulator is typically

located within the laser cavity itself. In passive mode-locking an element is placed in laser



WO 2016/196677 PCT/US2016/035340

cavity which causes self-modulation of the light. For instance, in one example, such as in the
ring fiber laser 205 in FIG. 3, the element may be a saturable absorber, which has an intensity
dependent transmission response. In general, passive mode-locking may be achieved using
others suitable elements instead of a saturable absorber including, for instance, a
semiconductor saturable absorber mirror (Sesam) or an arrangement that employs a nonlinear
polarization evolution (NPE) mechanism.

[0022] In one particular implementation, the two frequency combs operate at about 1557nm
center wavelength with repetition rates of about 72,375,637 Hz and 72,375,697 Hz,
corresponding to a Af,. = 60Hz detuning frequency. Af, can be slightly tuned by changing the
pump power or adjusting the inline polarization controller 250, for example. The net cavity
dispersion is anomalous so the laser generates transform-limited soliton pulses. The average
output powers of the CCW (Probe) pulse train and the CW pulse train (local oscillator, LO)
were measured to be 1.95mW and 2.22mW, respectively. Of course, in some
implementations the CCW pulse train may serve as the local oscillator and the CW train may
serve as the probe.

[0023] The spectra of the probe pulse train and the LO pulse train are shown in FIG. 4A. The
Allan deviation of the Probe’s repetition rate (f,- ) and the difference in repetition rates
between the Probe and LO pulse trains (Af, ) were measured with 200ms and 1s gating time,
respectively. The Allan deviation values of 6 X 1071° for £, and 10~* for Af,., at 1s period,
are shown in FIG. 4B.

[0024] Inthe DCS arrangement of FIG. 3, the combs are first amplified by two separate Er-
doped fiber amplifiers (EDFAs) 210 and 215 and then combined with a 2 x 2, 50/50 coupler
270. The FWHM spectral bandwidths of the pulses are broadened to about 18nm in the
amplifiers (Probe ~ 30mW, PLO ~16mW after amplifications). The optical spectra of the
pulses are intentionally broadened in order to cover more absorption lines of HCN gas in the
DCS experiment described below. A small portion of the CCW pulse train is extracted by a
90/10 fiber splitter 225 and used for repetition rate measurement using PD1 225 and a 12 digit
frequency counter 230. One part of the combined OFCs is used after the 50/50 fiber coupler
270 to detect the difference in the laser repetition rates, again using PD2 235, a low-pass RF
filter, and a frequency counter 240. The other part of the combined OFCs pass through the

absorbing sample 220, which in one illustrative implementation is a 100 Torr, 16.5cm long



WO 2016/196677 PCT/US2016/035340

HCN gas cell (available from Wavelength Reference Inc.) for absorption measurement. The
output from the gas cell is split equally into two paths by 50/50 fiber coupler 280. The laser
beam in one path is detected by a 100MHz photodiode (PD3) 285 and then low-pass filtered
by filter 260 to avoid aliasing (DC-30MHz) before being digitized with an oscilloscope 256.
The beam in the other path is combined with the output from a single frequency CW fiber
laser 290 (available from Koheras Inc.) using a 1X2, 90/10 coupler 295 in order to provide
absolute frequency calibration. The single frequency CW fiber laser 290 has a very narrow
linewith of less than 1kHz (A\CW=1549.513nm).

[0025] After being optically filtered with a Inm FWHM pass-band band-pass tunable filter
265, the beat notes between the CW fiber laser 290 and one of each comb’s nearby modes are
detected by another 100MHz photodiode (PD4) 242. The time-traces of the interferogram
(from PD3 285) and the time domain mixing signal (from PD4 242) are acquired by a digital
oscilloscope with real-time Fast Fourier Transform (FFT) capability. The oscilloscope 256
and frequency counters are connected to a PC 278 and a customized LabVIEW program is
used to control the acquisition parameters and to save data. The interferogram, the repetition
rate, the difference in the repetition rates, and the two beatnotes between the CW laser and the
two combs can all be simultaneously recorded in each measurement. These four parameters
are then used for accurate frequency referencing without the need to detect the CEO
frequency of each comb.

[0026] FIG. SA shows representative beatnotes recorded by FFT of the voltage signal
generated by PD4 242. The FWHM linewidth of the OFCs denoted f}; and f},, were
measured at ~3.6 kHz with 610Hz resolution, which was defined by the acquisition time
window. This indicates that the two OFCs generated by the bidirectionally mode-locked fiber
laser 205 have low noise performance. The temporal dynamics of the beatnotes were also
recorded to get an idea about the drift experienced by the laser modes in free-running regime.
In particular, Fig. 5B shows the measured time evolution of f34, f,2 and Af, for 180
successive single shot acquisitions. The observed drift is quite significant (in the order of 280
kHz/second) but, interestingly, the separation between the two beatnotes (Af, = fp1 — fp2 OF
the separation between the two neighboring modes of each OFC) does not change that much.
The mean value of Af}, was about 1.82MHz with 1.73 kHz standard deviation. It can be

concluded from the results of this measurement that the two OFCs drift in close
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synchronization with each other. The explanation for this experimentally observed behavior is
the fact that they share the same cavity. This is a primary reason why DCS can be achieved
using this laser source in free running mode.

[0027] Fig. 6A shows a portion of a single-shot and a zoom-in region at the center of the
burst interferogram (recorded by PD3). The acquisition time window was set to 1.28ms with
about a 78MHz sampling rate resulting in about a 937Hz spectral resolution. The ringing free-
induction-decay (FID) signals from HCN molecules are readily visible. The time-domain
signal-to-noise-ratio (SNR) defined by the ratio of interferogram peak signal to the standard
deviation of the background noise calculated for the area just before the center burst was
about 329. Fig. 6B shows the absorption spectrum of the HCN cell in the RF domain, which
is just the Fourier transform of the time domain interferogram.

[0028] The optical frequency v can be calculated from the RF domain f*¥ using the

following equation:

f
v =+(fR — AR =+ vow — fn
af;
Where f,; and Af, are the repetition rate of the probe pulse train and the repetition rate
difference, respectively and Af}, is the difference between the beating of the CW laser
with the nearest tooth of each comb (f; - fp2). The sign of f&F is changed as needed

for correct frequency calibration. A derivation of this equation may be found in the

Appendix.

[0029] The selection of sampling rate and acquisition time window enables enough sampling
points to resolve the absorption lines in the P-band of HCN. A zoom-in example of an
absorption line is represented in the inset of FIG. 6B.

[0030] In order to normalize the absorption spectrum shown in FIG. 6B, a smooth function
in MATLAB is applied and then the absorption spectrum is normalized by the smoothed
function, resulting in a spectrum with a flat baseline. FIG. 7 presents the 21 extracted most
intense absorption lines in the P-band of HCN in the NIR region (see the upper lines in the
bottom panel of FIG. 7), which have about a 6% deviation compared to the peak absorption
values retrieved from the National Institute of Standard and Technology (NIST) database (see

the bottom lines in the bottom panel of FIG. 7). Furthermore, as shown in the top panel of
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FIG. 7, the standard deviation of about 233MHZ for the center-peak frequencies was
measured. This deviation can be attributed to the drift of the center frequency of the free
running CW laser. This can be improved by employing a wavemeter to record vy, at the
time of measurement. The CW laser can also be locked to a narrow molecular absorption line
to avoid frequency drift. Moreover, a very small variation in A, can result in a significant
error in the optical frequency conversion from RF domain due to the small value detuning
frequency of 60Hz relative to the repetition frequency of 72MHz. This discrepancy can be
solved by referencing the frequency counters and the digital oscilloscope to a highly precise
rubidium oscillator.

[0031] The single-shot measurement shown in the figures can readily resolve the absorption
lines of HCN where there is no need for optical phase-locking of the combs or employing
elaborate adaptive sampling and complicated electronics in detection circuit. The signal-to-
noise ratio of 28 in the optical domain was defined as the ratio of the most intense peak
absorption line to the corresponding standard deviation of the noise floor. Finally, the noise
equivalent absorption (NEA) was calculated by using:

1
NEA = —S\/T
L

[0032] Where L is the gas cell length, S’V is the signal-to-noise ratio and 7'is the acquisition
time window. An NEA of 6.6 X 10~ °cm ™ Hz~/? was recorded based on measured SNR
and chosen T.

[0033] In conclusion, two OFCs have been generated from a single ring fiber laser cavity
and used as the source for DCS.. Narrow absorption lines of HCN in the P-band have been
resolved in real-time without the need for optical phase-locking of the two OFCs or complex
electronic signal processing techniques. This simple, robust and all-fiber DCS design can
replace other complex gas sensing arrangements. Moreover, spectral broadening of the laser
source and other nonlinear mixing techniques can be used to cover other optical spectral
regions of interest.

[0034] Although the subject matter has been described in language specific to structural
features and/or methodological acts, it is to be understood that the subject matter defined in

the appended claims is not necessarily limited to the specific features or acts described above.
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Rather, the specific features and acts described are disclosed as example forms of
implementing the claims.

Appendix - RF-to-optical frequency conversion

[0035] As previously mentioned, the RF domain absorption spectrum of HCN is directly
recorded by the Fast Fourier Transform (FFT) of the time domain interferogram generated by
beating the two OFCs on a photodetector. The RF spectrum needs to be converted into the
optical domain using the measured characteristics of the dual-comb source, including the
repetition rate (f;-), the difference in the repetition rates (Af7) and the beatnotes of the CW
laser with the two combs ( fj,1, f52). Here, the equation for the conversion of the RF domain
data into the optical domain will be described in detail.
[0036] The longitudinal modes of the frequency combs can be described as:

vy = fceo1 + Pfri
vg = fceor + afr2

(1)

where p and ¢ are the mode indices of comb1 and comb2, respectively. fcro1, fcEo2
are the carrier-to-envelop offset frequencies and f,4, f, are the repetition rates of the
combs. The basic idea of dual-comb spectroscopy is based on interfering two combs
with a slight difference in repetition rates Af.. An RF comb (after low-pass filtering) is
formed from the beating of the corresponding neighbor modes of the two combs. To
ensure a one-to-one mapping of the RF comb to the optical comb, it is required that
Avcomb/fi< fi/(2Afi), or Avcomb < fiZ/(2Afir ) ~ 43THz. The spectral bandwidth of
the pulses (~1THz) emitted from the laser source is much smaller than 43THz and
thus meets the Nyquist requirement. The RF comb corresponding to the full allowed
bandwidth would be expanding from zero to /2 (Note that Af; is typically very small
compared to the repetition of either combs). In the example presented herein, the RF
comb spans from ~1MHz to ~4MHz (see FIG. 6B). Similar to an optical comb the RF

comb can be also described as:

10
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VEE = f8I + 5. Af,

2)

where s is an integer and f&, (<4f,) is the corresponding RF ‘carrier-to-envelop
offset frequency’. In general, it can be assumed that /2, is the beating between two
comb teeth: one from comb1 and the other from comb2 with mode indexes 7 and 7,
respectively. Since it can be assumed that f; > f,, then n’ can be written as n’ =

n+k, where k is a positive integer number. We then have:

s f fc gt v fe e Uopm + b & A
. "t g 4 wdfy - &
o Mg A = kfn = 1 < Af

)

[0037] According to FIG. 8, which shows the beating between pairs of the modes of the
frequency combs in the optical domain to form the down-converted RF comb, the down-

converted RF comb modes can be formulated as:
Vas — Ve pys = (fopor + (4 s)f) = (fepon + (n Tk +5) )
= [Afcpo +ndfr — kfrl +sAfr
e4(52)

—— =1y +sAf (4)

[0038] Here, f&5, + 5. Af; (3=0, 1,2,...) are the RF comb teeth which is defined as 1£F
above.

[0039] The beating between the CW laser and the corresponding nearest optical modes of
the OFCs creates two RF beat notes f»; and f»2. According to FIG.. 8 the difference of these
RF beat notes is:

11
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Afy = |fn — fiol

1 2
= [(vew — Vn+m) — (vew — Vn+k+m)‘

| 2
= Viim Vitk+m

M) =1y +mAf,
(5)
[0040] By knowing Afy, the optical mode v'nis can be calculated as:
Vars = feeor +(n+5)fa
= [fceor + (n +m)frr] — (n+m)fry + (1 +5)fr1
P+ (5= M) f
= g [0 1 505) (A
E‘T(S4); U111+5 = (frf,s - Afb) gr}r + Vr%+m
(6)

[0041] All the parameters defining v;§ , ¢ can be measured by using an oscilloscope and
frequency counters except V;, 4, which is the nearest mode of comb1 to the CW laser. If this

mode

_ vew — fi1 — ferot

frl

n+m

can be defined with enough precision then V,lH_q can be obtained. According to
equation (F1), v .., can be calculated precisely through the knowledge of f¢go; and
the optical domain mode index : n + m. f-gp; can be measured using a f—to-2f
interferometer. By measuring f-goq, the integer mode index n + m can be calculated

unambiguously as follows:

_ Vew — fu1 — fceot

frl

n+m

12
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fp1 can be measured by beating the CW laser and comb1. Furthermore, vy, and f-; can be
measured by using a wavemeter and a frequency counter, respectively. Therefore, vy ., can
be extracted with accuracy which is limited by the precision of the instruments. Alternatively,
one can estimate V,; |, by just measuring vy, and fi; instead of g, . This estimation is
readily derived from equation (6),i.e. Vi .., = (n + M)fr1 + foro1 = Vew — [o1.
However, this approach requires the knowledge of 1. This can be done quite easily with a

wavemeter.

13
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Claims

1. A method of interrogating an absorbing sample, comprising:

using a mode-locked laser mode-locked in both a clock-wise (CW) and
a counter-clock wise (CCW) direction to generate first and second optical pulses
having different repetition rates, one of the first and second optical pulses being
directed in a CW direction and the other of the first and second optical pulses being
directed in the CCW direction;

transmitting the first optical pulses through the absorbing sample to
probe the absorbing sample while transmitting the second optical pulses through the
absorbing sample to act as a local oscillator; and

detecting an interference pattern produced by interference between the

first and second optical pulses after traversing the absorbing sample.

2. The method of claim 1, wherein the first and second optical pulses are

transform-limited soliton pulses.

3. The method of claim 1, further comprising optically amplifying the first and

second optical pulses before transmission through the absorbing sample.

4. The method of claim 3, wherein optically amplifying the first and second

optical pulses includes spectrally broadening the first and second optical pulses.

5. The method of claim 1, further comprising detecting a portion of the second
optical pulses prior to transmission through the absorbing sample to determine a

repetition rate of the second optical pulses.
6. The method of claim 1, further comprising combining the first and second

optical pulses prior to transmission of the first and second optical pulses through the

absorbing sample.
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7. The method of claim 6, further comprising detecting a portion of the combined
first and second optical pulses to determine a difference in repetition rates between

the first and second optical pulses.

8. The method of claim 1, further comprising combining a single frequency,
continuous-wave (CW) signal with a portion of an optical signal produced by the
interference between the first and second optical pulses after traversing the absorbing

sample to obtain an absolute frequency reference.

9. The method of claim 1, wherein the mode-locked laser is mode-locked fiber
laser.
10. The method of claim 9, wherein the mode-locked fiber laser includes an

erbium-doped fiber gain medium.

11. The method of claim 9, wherein the mode-locked fiber laser includes a
polarization controller for adjusting a repetition rate of the first and second optical

pulses.

12. A method for performing absorption spectroscopy, comprising:

generating first and second optical frequency combs from a single
bidirectional mode-locked laser, the first and second optical frequency combs having
different repetition rates,

transmitting the first and second optical frequency through an
absorbing sample; and

obtaining an interferogram arising from interference between the first

and second optical frequency combs after traversing the absorbing sample.
13. The method of claim 12, further comprising determining a repetition rate of

the first and second optical frequency combs, a difference in the repetition rate of the

first and second optical frequency combs and an absolute frequency reference.
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14. The method of claim 12 wherein generating the first and second optical
frequency combs includes generating the first and second optical frequency combs in
a ring laser source such that the first and second optical frequency combs are

propagating in opposite rotational directions.

15. The method of claim 12, further comprising optically amplifying the first and

second optical frequency combs before transmission through the absorbing sample.

16. The method of claim 15, wherein optically amplifying the first and second
optical frequency combs includes spectrally broadening the first and second optical

frequency combs.

17. A dual-comb spectroscopy system, comprising:

a pulsed laser source having a common laser cavity configured to generate
first and second optical pulse trains having different repetition rates, one of the first
and second optical pulse trains being directed in a CW direction and the other of the
first and second optical pulses being directed in the CCW direction;

an optical coupling arrangement for (i) extracting the first optical pulse train
from the common laser cavity and directing the first optical pulse train through an
absorbing sample to probe the absorbing sample and (ii) extracting the second optical
pulse train from the common laser cavity and directing the second optical pulse train
through the absorbing sample to act as a local oscillator; and

a first photodetector for detecting an interference pattern produced by
interference between the first and second optical pulses after traversing the absorbing

sample.
18.  The dual-comb spectroscopy system of claim 17, further comprising first and

second optical amplifiers for optically amplifying the first and second optical pulse

trains, respectively, prior to transmission through the absorbing sample.
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19. The dual-comb spectroscopy system of claim 18, wherein the first and second
optical amplifiers are configured to spectrally broaden the first and second optical

pulse trains.

20. The dual-comb spectroscopy system of claim 17, further comprising a second
photodetector for detecting a portion of the second optical pulse train prior to
transmission through the absorbing sample to determine a repetition rate of the second

optical pulse train.

21. The dual-comb spectroscopy system of claim 17, wherein the optical coupling
arrangement further comprises an optical coupler for combining the first and second
optical pulse trains prior to transmission of the first and second optical pulse trains

through the absorbing sample.

22. The dual-comb spectroscopy system of claim 20, wherein the optical coupling
arrangement further comprises an optical coupler for combining the first and second
optical pulse trains prior to transmission of the first and second optical pulse trains

through the absorbing sample.

23. The dual-comb spectroscopy system of claim 22, further comprising a third
photodetector for detecting a portion of the combined first and second optical pulse
trains to determine a difference in repetition rates between the first and second optical

pulses.

24, The dual-comb spectroscopy system of claim 17, further comprising a
continuous-wave (CW) laser source and an optical coupler for combining a single
frequency, continuous-wave (CW) signal with a portion of an optical signal produced
by the interference between the first and second optical pulse trains after traversing

the absorbing sample to obtain an absolute frequency reference.
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25.  The dual-comb spectroscopy system of claim 17, wherein the pulsed laser

source is a mode-locked laser.

26.  The dual-comb spectroscopy system of claim 17, wherein the mode-locked

laser is a passively mode-locked laser.

18
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