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We demonstrated stable midinfrared (MIR) optical frequency comb at the 3.0 μm region with difference frequency
generation pumped by a high power, Er-doped, ultrashort pulse fiber laser system. A soliton mode-locked
161 MHz high repetition rate fiber laser using a single wall carbon nanotube was fabricated. The output pulse
was amplified in an Er-doped single mode fiber amplifier, and a 1.1–2.2 μm wideband supercontinuum (SC) with
an average power of 205 mW was generated in highly nonlinear fiber. The spectrogram of the generated SC was
examined both experimentally and numerically. The generated SCwas focused into a nonlinear crystal, and stable
generation of MIR comb around the 3 μm wavelength region was realized. © 2016 Chinese Laser Press
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1. INTRODUCTION
In the midinfrared (MIR) region, there are a variety of absorp-
tion spectra of fundamental vibration bands of molecular
gases. Such absorption spectra have precise structures, and
this region is called the finger print region. Thus MIR spectros-
copy allows us to identify and quantify molecular species in a
sample.

For the MIR spectroscopy, the Fourier transform infrared
spectroscopy with lamp light sources has been generally used.
The optical frequency comb based techniques enable high
speed molecular sensing with ultrahigh accuracy [1]. Several
applications have been investigated in the fields of fundamen-
tal research, industries, biomedicine, environmental sensing,
and so forth [1,2]. Nowadays, the development of a robust and
practical MIR comb is desired to realize highly sensitive and
highly accurate molecular identification.

Fiber laser based combs are attractive for their stable, prac-
tical, and reliable performances. So far, MIR comb generation
pumped by fiber lasers has been demonstrated by several
groups. The difference frequency generation (DFG) pumped
by Er- [3–5] and Yb-doped fiber laser systems [6,7], and optical
parametric oscillator (OPO) [8–11] have been used to achieve
MIR comb generation around the 3 μm wavelength region.

Single wall carbon nanotube (SWNT) is one of the attrac-
tive devices as the saturable absorber of ultrashort pulse fiber
lasers [12–15]. It has fast temporal response of ∼1 ps and wide
operation bandwidth. It is also easy to fabricate a transmission
type device, which is useful for ultrashort pulse fiber lasers.
Using the combination of highly nonlinear fiber, we can gen-
erate wideband supercontinuum (SC), which works as a
broadband coherent laser source [16,17].

In this work, we demonstrated MIR comb generation using
an Er-doped SWNT fiber laser based system. A high power,
ultrashort pulse with high repetition frequency of 161 MHz
was generated by an SWNT fiber laser and fiber amplifier.
A widely broadened SC was generated with highly nonlinear
fiber and high power, ultrashort pulse. The characteristics of
the generated SC were examined both experimentally and
numerically, and the fiber length was optimized in terms of
MIR comb generation. The generated SC was focused onto
the nonlinear crystal, and the offset-free MIR comb was gen-
erated around the 3 μm wavelength range through DFG. The
developed system was an almost all-fiber configuration, and
the stable generation of MIR comb was realized.

2. EXPERIMENTAL SETUP AND HIGH
POWER, ULTRASHORT PULSE
GENERATION
Using the OPO, although we can achieve a high power MIR
comb, it needs synchronized feedback control [8–11]. Using
the DFG, the offset frequency f ceo is canceled out by the sub-
traction, and an offset-free MIR comb can be achieved [18,19].
However, the conversion efficiency is not high, and we have to
prepare high power seed pulses. In this work, we used the
DFG process to generate the MIR comb.

Figure 1 shows the experimental setup of MIR comb gen-
eration. We started from a high repetition rate, ultrashort
pulse fiber laser. The high power, ultrashort pulse was gener-
ated with a fiber amplifier and dispersion compensation fiber.
Then a wideband SC was generated, and the MIR comb
was achieved from DFG of SC. The system consists of almost
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all-fiber systems, and a frequency stabilized MIR comb can be
achieved stably.

As the seed pulse source, we made passively mode-locked,
Er-doped, ultrashort pulse fiber laser with an SWNT saturable
absorber [13,14]. The SWNTwas synthesized by the laser abla-
tion method, and the diameter of 1.2 nm was obtained selec-
tively. The SWNT was equally dispersed in polyimide liquid,
and a free-standing polyimide film was fabricated by water
evaporation. The SWNT polyimide film was easily inserted be-
tween the fiber connectors inside the fiber laser cavity, and it
works as a fast and wideband mode locker.

The fiber laser cavity consists of nonpolarization maintain-
ing single mode fiber devices. In order to achieve the wide
comb mode spacing, we made a high repetition rate, ultra-
short pulse fiber laser. A 0.5 m length of Er-doped fiber
(EDF) pumped by a high power laser diode (LD) at 980 nm
wavelength was used as the gain medium. The polarization
controller, optical isolator, and output coupler were used
to construct the cavity. The net cavity dispersion was
−0.28 × 10−3 ps2.

Figure 2 shows the characteristics of the output pulse from
the fiber laser. The temporal shape and chirping property

were observed with a frequency resolved optical gating
(FROG) [20]. An almost transform limited, clean, ultrashort
pulse with temporal width of 391 fs was achieved. The pulse
spectrum had also a clean sech2-like shape with a spectral
width of 6.5 nm. For the RF spectra, a clean RF spectral train
with 161 MHz equal spacing was observed clearly and stably,
and the stable passive mode locking was confirmed. The aver-
age power was 11 mW.

The output pulse from the fiber laser was introduced into
an EDF amplifier, which consists of high concentration EDF
with positive dispersion property. Four high power LDs at
1480 nm wavelength were used as the pump laser. The aver-
age power was increased from 11 to 420 mW. Figure 3 shows
the optical spectrum and temporal shape of the output pulse
from the fiber amplifier. A 172 fs high power short pulse with
large upchirping was observed at the output of the EDF am-
plifier.

Then we applied dispersion compensation using a large
mode field area photonic crystal fiber (LMA-PCF, LMA30).
Using the LMA-PCF, we demonstrated dispersion compensa-
tion effectively while suppressing the nonlinear effect. The
magnitude of second order dispersion β2 was −32 ps2∕km,
and the mode-field diameter was 25 μm. The length of the
LMA-PCF was optimized by the cut-back method and FROG
measurement.

Figure 4 shows the temporal shape of the dispersion com-
pensated ultrashort pulse when 50 cm of LMA-PCF was used.
An almost chirp-free ultrashort pulse was generated. The tem-
poral width was 102 fs at FWHM, and the estimated peak
power of the output pulse was 17 kW.

Fig. 1. Experimental setup of MIR comb generation based on
Er-doped, ultrashort pulse fiber laser system.

Fig. 2. Characteristics of output pulse from fiber laser: (a) temporal
shape with instantaneous wavelength, (b) optical spectrum, and
(c) RF spectra.

Fig. 3. Characteristics of output pulse from fiber amplifier: (a) optical
spectrum and (b) temporal shape with instantaneous wavelength.

Fig. 4. Temporal shape and instantaneous wavelength of dispersion
compensated ultrashort pulse with LMA-PCF.
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3. GENERATION OF SC AND MIR COMB
Next, in order to generate the optical frequency comb at
the MIR region by DFG, we generated SC. A polarization
maintaining, highly nonlinear, dispersion shifted fiber
(PM-HN-DSF) was used as the nonlinear device [21]. The
zero-dispersion wavelength was 1.55 μm, and the mode-
field diameter was 3.0 μm. The magnitude of the dispersion
parameter D � 1.0 ps∕km∕nm, and dispersion slope D0 �
0.03 ps∕km∕nm2 at a wavelength of 1.55 μm.

In order to examine the optimum fiber length, we demon-
strated the numerical analysis of SC generation. Figure 5
shows the numerical results of SC generation using a high
power, ultrashort pulse and PM-HN-DSF when the fiber length
was 10, 20, and 30 cm. The extended nonlinear Schrödinger
equation was used for the analysis [22]. A 100 fs, sech2-shaped,
transform limited, ultrashort pulse with a peak power of
17 kW was assumed as the input pulse. At the short length
of propagation, the spectrum broadening was mainly induced
by self-phase modulation [21]. As shown in Fig. 5, the spectral
width was broadened as the fiber length was increased. The
temporal width was also increased for the fiber length incre-
ment. From Fig. 5, we can see that a broadband spectrum with
enough bandwidth and small temporal broadening was gener-
ated when the fiber length was 20 cm. Considering the smooth
spectral shape of SC and the short length of PM-HN-DSF, the
high coherence property is expected [23,24]. As a result, we
decided that the optimum length of PM-HN-DSF was 20 cm in
order to generate the seed SC pulse of MIR comb generation
through DFG.

Figure 6 shows the observed optical spectrum of generated
SC in 20 cm of PM-HN-DSF. The wideband SC, broadened
from 1.1 to 2.1 μm, was generated stably. The observed
spectrum was similar to the numerical one. The average
power was 205 mW.

Figure 7 shows the spectra of the SWNT measured noise
fiber laser and the generated SC. The intensity noise was char-
acterized using a fast photodiode, a bias tee, and an RF spec-
trum analyzer. Although there was a peak around 2 MHz, the
noise level was low, and there was no large noise component.
The magnitude of noise was not increased during the SC gen-
eration process.

Next, we examined the coherence properties of the gener-
ated SC by the balanced heterodyne RF beat measurement.
Figure 8 shows the observed RF beat between the stable
cw-LD and fiber laser SC. The output beams from the cw-
LD and the examined laser beam were overlapped in a single
mode fiber coupler. Then the overlapped beams were intro-
duced into a balanced photodetector, and the output signal
was observed with an RF spectrum analyzer. Narrow band-
pass filters with the bandwidth of 0.6–1.0 nm were used
to pick off the spectral component for RF beat detection.
We used two stable cw-LDs as the reference beam (LIO
[λ � 1550 nm], and Santec [λ � 1680 nm]). Figure 8 shows
the observed RF beat note between cw-LDs and the fiber laser
and SC. The f beat components were observed with a high sig-
nal to noise ratio larger than 30 dB for all three measurements.
We confirmed the high coherence of the fiber laser and gen-
erated SC.

Next, in order to investigate the feasibility of MIR comb
generation using the generated SC, we observed temporal dis-
tribution of spectral components using the cross-correlation
FROG (X-FROG) [20,25,26]. The generated SC was introduced
into a sum frequency generation type autocorrelation FROG
system. A long pass filter was used in one arm of the FROG,

Fig. 5. (a), (c), and (e) optical spectra and (b), (d), and (f) temporal
shape of output pulse from highly nonlinear fiber for the length of 10,
20, and 30 cm.

Fig. 6. Observed optical spectrum of generated SC in PM-HN-DSF.

Fig. 7. Observed RF noise of fiber laser output and SC.
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and the longer wavelength side was picked off and used as the
probe pulse. A 1 mm thick BaB2O4 crystal was used as the χ�2�

medium.
Figure 9(a) shows the observed X-FROG trace of the gen-

erated SC in 20 cm of PM-HN-DSF. Although the spectrogram
was tilted a little by the effect of chirping of the probe pulse,
we observed the temporal distribution of spectral components.

It was considered that the interference components were
caused by the multiple reflections at the wavelength filter
and optical devices in the X-FROG system. Figure 9(b) shows
the numerical result. The polarization gating type X-FROG
(PG-FROG) was used to achieve the spectrogram in the
numerical analysis [20]. Here a 100 fs, sech2-shaped pulse
was assumed as the probe pulse. The numerical result shows
a similar distribution to the experimental one, and the three
peaks shown with symbols (A)–(C) were observed both in the
experimental result and the numerical one. From Fig. 9, we
can see that the main components were almost overlapped
temporally. This means that we can achieve the MIR comb
generation by only focusing the generated SC into the DFG
crystal.

Next, we focused the generated SC into a nonlinear crystal.
In this work, we used fan-out type periodically poled MgSLT
(PPMgSLT). The PPMgSLT was designed to generate an MIR
comb at the 3.0–5.0 μm region by a 1.3–1.8 μm near-infrared
pulse. The length and thickness of the crystal were 11 and
1.0 mm, respectively.

Figure 10 shows the observed optical spectra of the gener-
ated MIR comb. The spectra were observed with a monochro-
mator and PbSe detector. The MIR combs were observed
stably at 2.9 and 4.9 μm wavelength regions. The observed
average power of the 2.9 μm component was 512 μW, and that
of 4.9 μm was ∼100 μW. The wavelength of 2.9 μmmatched to
the DFG wavelength between components (B) and (C), and
that of 4.9 μm matched to the DFG between components
(A) and (B) in Fig. 9. The MIR comb was observed stably
for more than 48 h without any maintenance.

Thanks to the high coherence property of the SC generated
in a short PM-HN-DSF, the high temporal coherence of ob-
tained MIR comb is expected. Recently, we directly confirmed
the high coherence property of the MIR comb pumped with a
coherent SC generated in a Yb-doped fiber laser system [27].

4. CONCLUSION
In conclusion, we demonstrated MIR optical frequency comb
generation at the 3.0 μm region by DFG pumped by a high
power fiber laser SC. A soliton mode-locked, 161 MHz, high
repetition rate EDF laser was constructed using SWNT film.
Then a 102 fs, 17 kW, high power, ultrashort pulse was gen-
erated using fiber amplifier and large mode field area fiber.
Considering the numerical result, a 1.1–2.2 μm wideband
SC was generated for the DFG. The spectrogram of gene-
rated SC was examined both experimentally and numerically,
and the temporal distribution of spectral components was

Fig. 8. Observed RF beat notes between cw-LD and (a) fiber laser at
1550 nm, (b) SC at 1550 nm, and (c) SC at 1680 nm.

Fig. 9. Spectrogram of generated SC in 20 cm of highly nonlinear
fiber; (a) experimentally observed spectrogram with X-FROG, and
(b) numerically obtained spectrogram with PG-FROG.

Fig. 10. Observed optical spectra of generated MIR comb at wave-
lengths of (a) 2.9 and (b) 4.9 μm.
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confirmed. Then the generated SC was focused into the non-
linear crystal, and the stable generation of an MIR comb
around 2.9 and 4.9 μm wavelength regions was realized.
The developed system consists of almost all-fiber devices,
and it is useful for practical applications. Further power scal-
ing is under investigation.
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