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Dual frequency comb spectroscopy with a single laser
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We demonstrate a simple scheme for dual frequency comb spectroscopy in which the second frequency comb is
generated by propagating the primary pulse train through a dazzler. The two frequency combs are combined behind
a Mach-Zehnder interferometer, and the optical spectrum is read out by an rf-spectrum analyzer. The method is
applied to record the overtone absorption spectrum of CoHj (acetylene) in the wavelength region around 1.03 pm.
A spectrum with a resolution of 4 cm™! is obtained, which compares well with that from the HITRAN database.
A simple method for improving the spectral resolution is demonstrated. © 2014 Optical Society of America
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Dual frequency comb spectroscopy (DFCS) is a powerful
technique for rapid recording of broadband spectra [1-6].
It is similar to Fourier-transform spectroscopy but with-
out moving parts. Applied to the infrared region, its speed
and accuracy make it a very valuable tool for trace gas
detection, breath analysis, and environmental control
[7-9].

DFCS utilizes two mode-locked femtosecond lasers
with slightly different repetition rates. Each line of the
primary frequency comb is characterized by its specific
beat frequency with the corresponding line of the second
comb. In this way, the optical spectrum is transferred
into the rf region. DFCS can be realized by combining
the combs before the sample (as done here), in which
case the intensity absorption spectrum is recorded. Alter-
natively the combs can be combined after the sample,
yielding both the magnitude and phase spectrum [6].

A basic problem of DFCS is that the amplitudes and
repetition rates of the two lasers have to be well-
stabilized to avoid degrading the spectrum [10]. In recent
implementations the required stability has been achieved
by locking individual lines of both combs to two ultrasta-
ble cw lasers [4], or by deriving adaptive phase correc-
tion signals from the two cw lasers [11]. Both methods,
however, require four lasers for their realization.

An alternative method for producing a dual frequency
comb uses two Mach—Zehnder modulators for generating
rf sidebands of a cw laser. In this way frequency combs
containing up to 50 frequency components and spanning
a bandwidth of 200 GHz were realized [12].

In this Letter we demonstrate a scheme for DFCS in
which the second frequency comb is generated by propa-
gating the primary pulse train through an acousto-optic
programmable dispersive filter (AOPDF, henceforth
called dazzler [13]). Thus, only a single femtosecond laser
is needed, and the repetition rates and amplitudes of
the two combs are automatically stabilized with high
precision.

A dazzler is a universal device which can be used to
manipulate ultrashort pulses. It can be applied for chirp
compensation, pulse shaping, and spectral filtering
[14-16]. Moreover, irradiated by a pulse train with
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multi-MHz repetition rate the dazzler generates another
pulse train with a slightly different repetition rate. The
second pulse train is locked to the first one with high
accuracy. This remarkable property has recently been
used to demonstrate asynchronous optical sampling with
a precision of 15 as [17].

The main component of a dazzler is a birefringent crys-
tal, in which an acoustic pulse propagates collinearly
with the laser beam (parallel Poynting vectors). The pri-
mary laser pulse train propagates as an ordinary ray in
the crystal. The sound wave diffracts part of its power
into a second pulse train propagating as an extraordinary
ray. In the crystal used here (TeO,) extraordinary rays
exhibit a slightly lower group velocity, and thus these
pulses are temporally delayed with respect to the primary
pulses. As the acoustic pulse propagates the acousto-op-
tic diffraction occurs at different penetration depths, and
the delay of the second pulse train decreases linearly in
time with respect to the primary pulse train. The differ-
ence in group velocities and the different propagation
distances in the crystal result in an incremental delay
of the diffracted pulses given by [16,17]

At = lrep (ng.e - 77’_1}.0) V/e= Hlyep. Y]

In Eq. (1) fyep is the roundtrip time of the primary pulse
train (the inverse of the repetition frequency fyep); 7y,
and n,, are the group velocity indices of the extraordi-
nary and the ordinary rays, respectively; V is the sound
velocity; and c¢ the velocity of light. The parameter y =
(ng—ny,)V/c in Eq. (1) is a dimensionless constant of
the dazzler. Its value depends on the dazzler material
and the crystallographic orientation of the crystal. Using
known material constants a fairly accurate value for y
can be found. However, its value can be refined by cal-
ibrating it with accurately known lines in the spectrum
(discussed in a subsequent paragraph). For the device
used in the research reported in this Letter, the numerical
value derived in this way was y = 2.5 x 10~7. At our rep-
etition rate of 38 MHz the incremental time delay At is
thus 6.6 fs.
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With At > 0 the diffracted pulse train has a slightly
lower repetition rate, and thus generates a frequency
comb with slightly smaller comb line spacing. The differ-
ence is

Af rep — _ﬂf rep» 2)

and thus in our experiment the change in repetition rate
and comb line spacing is -9.5 Hz.

The beat frequencies measured by the spectrum
analyzer include contributions from the acoustic Doppler
shift of the secondary frequency comb, f,. = 64.9 MHz,
and the difference Af ., in the carrier envelope frequen-
cies of the two combs. The value of the acoustic shift is
determined by the requirement of phase matching be-
tween optical and sound waves. The value of Af .., is
related to the different group and phase velocities of
the two pulse trains. Thus, at an optical frequency vy
the shift of a secondary comb line with respect to the
corresponding primary one is given by

fshift :fac + A.fceo + VoptAfrep/frep
= fac + Af ceo — K Vopt~ (3)

Since the secondary frequency comb also beats with
other primary comb lines we see beat frequencies at
Jveat = |fshitt £ Nofrepl, Where Ny is an integer including
Zero.

For the experiment a Kerr-lens mode-locked thin disk
Yb:YAG oscillator emitting 250 fs pulses at a repetition
rate of f,,, =38 MHz was used as the light source
[18]. The spectrum is centered at 4, = 1030 nm with a
FWHM of 4.5 nm. While this laser is capable of emitting
a power of up to 40 W, only about 2 W were utilized. This
power level was required to achieve sufficient broaden-
ing of the spectrum in the fiber. The power reaching the
detector was about 100 mW.

The lowest beat frequencies observed are at 11, 27, 49,
and 65 MHz. We used the region around the 11 MHz beat
frequency for evaluating the spectra, taking into account
that for this frequency (N, = 0, thus fyeat = fsnire) higher
rf frequencies correspond to lower optical frequencies.

The sound pulse traverses the 25 mm long dazzler crys-
tal in a time #,ns = 33 ps. After a short dead time another
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sound pulse is launched. Thus the secondary pulse train
consists of about 1,000 laser pulses, and the comb lines of
the secondary frequency comb are broadened by
1/t ans = 30 kHz. This results in a spectral resolution
of approximately 1/(u tyans) = 0.12 THz, corresponding
to 4 cm™L.

Acetylene has two overtone absorption bands in the
wavelength range 1.01-1.045 pm [19]. To cover this re-
gion, the spectrum of the laser was broadened to about
35 nm by focusing it into an LMA-35 photonic crystal
fiber. After collimation the pulses were sent to a stage
of dispersive mirrors for partial chirp compensation.

Figure 1 shows the setup of the spectrometer. The
dazzler was incorporated into one arm of a Mach-—
Zehnder interferometer. This was necessary since the
two pulse trains leave the dazzler under a slightly differ-
ent angle, and therefore cannot directly interfere on a de-
tector. A movable delay line was placed in the other arm
of the interferometer. It compensates the optical delay of
the pulses in the dazzler and allows positioning the re-
gion in which the pulses overlap (the so-called center-
burst) anywhere in the interferogram. The output of
the interferometer was passed through a 26 cm long ab-
sorption cell which could be pressurized up to 2.5 bar. A
Si diode behind the cell recorded the pulses. The inter-
ferogram was recorded by an oscilloscope, and the opti-
cal spectrum was directly read out by an rf-spectrum
analyzer.

Figure 2 shows an interferogram in which the center-
burst is moved to the left corner. The centerburst is an
undersampled first-order autocorrelation of the laser
spectrum. Narrow absorption features are contained in
the plateau following the centerburst. Figure 3 shows
the measured transmittance of acetylene (purity 99.2%)
at a pressure of 2.4 bar, obtained by dividing the spec-
trum analyzer signal with the gas-filled cell by that of
the empty cell. The spectrum analyzer resolution was
1 kHz, and the data were averaged over 500 inter-
ferograms.

Figure 4 shows the spectral absorption coefficient
of 2.4 bar acetylene derived from the transmittance.
Realizing that the frequency in Fig. 3 is the fundamental
beat frequency f g;¢, it follows from Eq. (3) that the wave-
length scale is given by A(pm) = 10%c 4/ (fac + Af ceo =S,
where ¢ is in cm/s and all frequencies are in Hertz. As

to oscilloscope or
rf-spectrum analyzer

fcl

| —

dazzler
HWP

Fig. 1.

H 7
NDF high-pressure
gas cell

detector

Experimental arrangement for DFCS with a single laser. Spectrally broadened laser pulses are input to a Mach-Zehnder

interferometer containing the dazzler in one arm, and a movable delay line in the other. HWP, half wave plate, for rotating the plane
of polarization of the arm containing the dazzler by 90°; NDF, neutral density filter, to avoid saturating the detector. The two
frequency combs fcl and fc2 are combined after the interferometer, and passed through a high-pressure gas cell. Interferograms
are read out by means of an oscilloscope, and optical spectra by an rf-spectrum analyzer.
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Fig. 2. Interferogram as recorded by the oscilloscope. Inter-
ferograms repeat each other at a rate of 30 kHz set by the
frequency at which sound pulses are launched. The peak on
the left is the pulse overlap region, the so-called centerburst.
It is a first-order autocorrelation of the laser spectrum. Gas
absorption features are contained in the plateau following
the centerburst (the region 2040 ps).

mentioned previously, the values of u = 2.5 x 107 and of
Af ceo = 19 MHz are obtained by matching data points of
the experimental spectrum with the corresponding wave-
lengths from the HITRAN database [20]. The HITRAN
spectrum, smoothed to take a resolution of 4 cm™! into
account, is included for comparison. Good agreement
between the two is found.

In a further experiment an attempt was made to
improve the spectral resolution. For this purpose the
centerburst of the interferogram was moved out of
the recorded region by an appropriate movement of
the delay line in the interferometer. In this way the pla-
teau of the interferogram, which contains the absorption
lines, is extended to higher Fourier frequencies.

Figure 5 shows the result, which indeed exhibits an im-
proved resolution of about 2 cm~!. We note, however,
that moving the centerburst out of the interferogram is
equivalent to filtering the spectrum with a high-frequency
window. Therefore, the spectrum is distorted and gross
features are lost.

In conclusion, a simple technique for DFCS is demon-
strated which requires only a single laser. A dazzler
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Fig. 3. Transmittance of 2.4 bar of acetylene through a 26 cm
absorption cell versus rf frequency. Note that for this beat fre-
quency region, higher rf frequencies correspond to lower opti-
cal frequencies.
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Fig. 4. Absorption coefficient of 2.4 bar acetylene (Cs;Hs) as
measured by transmission through a 26 cm long absorption cell.
The upper trace in red is our data, which are compared to the
HITRAN database (blue, shown negative). The HITRAN data
have been smoothed to take a resolution of 4 cm~! into
account. The dashed line is the spectrum of the laser.

generates the second frequency comb exactly synchron-
ized with the primary one. The comb beating frequencies
are directly read out by an rf-spectrum analyzer.

In further experiments this technique can be improved
with regard to resolution and sensitivity. A straightfor-
ward way to increase the resolution involves using a
longer dazzler crystal. As demonstrated, higher resolu-
tion can also be obtained by moving the centerburst
out of the recorded interferogram. This procedure is
equivalent to applying a high-pass filter to the spectrum,
and therefore the improvement comes at the expense of
some distortion of the spectrum.

Additional progress relates to the sensitivity of the
dazzler spectrometer. By autobalanced detection [21]
laser noise can be reduced by a large factor, resulting
in shot-noise limited operation with dramatically in-
creased sensitivity [22].

Finally, it may be mentioned that the high repetition
rate of dazzler operation (up to 40 kHz) allows time-
resolved studies.
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Fig. 5. Spectrum with higher resolution obtained by moving
the centerburst out of the interferogram (upper trace).
Higher-resolution data are obtained with an acetylene pressure
of 1.6 bar. Data obtained with the centerburst in the left corner
of the interferogram (as in Fig. 2) are displayed negative for
comparison.
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