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All-fiber Yb:fiber frequency comb
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We demonstrate an all-fiber Yb:fiber frequency comb with a nonlinear-amplifying-loop-mirror-based Yb:fiber
laser oscillator. The fiber-spliced hollow-core photonic bandgap fiber was used as dispersion compensator, which
was also directly spliced to a piece of tapered photonic crystal fiber for an octave-spanning spectrum. The
spectrum of the compressed 107 fs laser pulses was broadened, covering 600 nm to 1300 nm in a high-nonlinearity
tapered fiber for f to 2f beating. The signal-to-noise ratio of offset frequency was measured to be 22 dB.
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For building frequency combs, fiber lasers have attracted a
lot of attention due to their high efficiency, high power, low
cost, and especially high integration with an all-fiber
configuration®?. Er:fiber laser frequency combs have
demonstrated their advantages with an all-fiber structure?.
Compared to Er:fiber laser frequency combs, Yb:fiber
lasers can supply higher power, and their wavelength is
closer to the visible wavelengths, especially required for
some applications, such as astronomical spectroscopy, op-
tical clock, and biology imaging?Z. The repetition
frequency and carrier envelop offset frequency (f..,) are
two important parameters in a comb, and we can get
the f., by f to 2f beating. However, the fully stabilized
laser frequency combs with locked f., are quite sensitive
to the environment. Especially, limited by the dispersion
elements, Yb:fiber laser frequency combs still contain many
bulk components, such as grating pairs for dispersion com-
pensation and free space coupling of photonic crystal fibers
(PCFs). All of these free space components can cause the
instability of the comb and limit the comb applications.
Although all-fiber Yb:fiber laser combs should be the best
solution, so far, not much progress has been reported.
The commonly used mode-locking mechanism in a laser
comb includes the nonlinear polarization evolution
(NPE), semiconductor saturable absorber mirror
(SESAM) and carbon nanotube saturable absorber
(CNT SA) based mode locking®Z. NPE-based fiber lasers
are sensitive to the environment, and SESAM-based ones
are easy to break down due to their low damage threshold.
Fiber lasers based on a nonlinear amplifying loop mirror
(NALM) have received lots of attention in recent years
due to their high stability and low self-start threshold?,
especially using polarization maintaining (PM) fibers.
PCFs with abnormal dispersion have been proved to be
one of the best candidates for replacing some free-space
optical elements, such as grating and prism pairs, for com-
pensation components>, In a Yb:fiber laser comb, there
are at least two free-space pulse compression components
that can be replaced by PCFs: the intracavity and the
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extracavity pulse compression. Because we need to control
the cavity length and cavity dispersion adjustment in a
frequency comb, we retain the intracavity space elements
as grating pairs and a mirror. For the extracavity pulse
compression, the amplified pulse may have a very high
peak power, and the hollow-core (HC) photonic bandgap
fiber (PBGF) is preferred to replace the grating pairs
due to its low high-order dispersion and high-power
handling™.

To obtain the octave-spanning spectrum with low pulse
energy, we have already developed and applied the
technique of tapered PCFs!22) Since the entrance core
diameter is not as small as the tapered part, the mode
matching and fiber splicing will be easier.

In this Letter, we demonstrated a stable all-PM-fiber
Yhb:fiber laser frequency comb, which employed two differ-
ent kinds of PCF's. By splicing the HC-PBGF and tapered
PCF together, the compressed pulses were directly
launched into the tapered PCFs. The comb can be consid-
ered as a performance of the all-fiber Yb frequency comb,
showing the potential for extended applications.

The schematic of the all-fiber optical frequency comb is
shown in Fig. 1. The oscillator was a PM Yhb:fiber cavity
running on the NALM structure, which consists of a non-
linear loop and a linear arm. The grating pairs in the linear
arm help to optimize the intracavity dispersion that has a
great impact on the linewidth of the carrier envelope offset
signal (fee,). Output 1 worked as a seed source for the
latter amplification and output 2 as a monitor. Output
3 was shelved due to its undesirable spectrum.

When the pump power was higher than 700 mW, the
oscillator can self-start but work at the multiple-pulse re-
gime. We obtained the single-pulse operation when the
pump power was slowly decreasing to 240 mW. The
Yh:fiber laser worked at the repetition rate of 102 MHz
centered at 1037 nm. The cavity dispersion was estimated
to be —1100 fs?.

We used a piezoelectric ceramic transducer (PZT)
mounted with a mirror to keep the cavity length stable.
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Fig. 1. Schematic of the integrated all-fiber Yb:fiber laser
frequency comb system. WDM, wavelength division multiplexer;
PZT, piezoelectric ceramic transducer; DM, dichroic mirror;
PCF, photonic crystal fiber; PPLN, periodically poled lithium
niobate; APD, avalanche photodiode.

We locked the repetition frequency through an electrical
control system. The repetition frequency can be locked for
more than 10 h with the standard deviation of the
repetition frequency of 0.22 mHz and fractional frequency
instability of 2.4 x 10712 57! which are shown in Figs. 2(a)
and 2(b).

The average power of output 1 was about 1.5 mW, and
it was amplified to about 400 mW by a single-mode PM
Yb-doped fiber (PM-YSF-HI) at the pump power of
900 mW. The pulse spectra of output 1 (red) and after
the amplifier (black) are given in Fig. 2(c). The wave-
length span of the spectrum was broadened from 6 to
27 nm because of the nonlinear effects of the gain fiber
and the single-mode PM 980 fiber. It is obviously exhibit-
ing a blue shift during the amplification.

4.00

— o = 0.22mHz (a)
N
I 200 | L
£ ‘
= ) ) 1
oy 0.00
& '
o
3 20 } 4
9]
<
w
-4.00
1 4000 8000 12000
Time(s)
1E-11 1.0
b o~ C
< R (b) 3 (c)
BO1E-12 P <
® 1E1 i 3
2 .
z S o5
o e £
o 113 s
5 g £
= Yot
P <
1E-14 0.0 :
1 I 160 1000 1000 1020 1040 1060 1080

Time(s) Wavelength(nm)

Fig. 2. (a) Residual fluctuations of the repetition frequency;
(b) the Allan deviation calculated by data shown in (a);
(c) the spectra of the oscillator (red line) and after the amplifier
(black line).

An HC-PBGF [HC 1060, from NKT Ltd., with the mode
field diameter (MFD) of ~7.5 pm] was used for pulse com-
pression. The splicing loss between amplifier pigtail and HC
1060 can be optimized to lower than 2 dB by adjusting the
splicing current and duration time of the splicer (Fujikura
FSM-100 P+). Another tapered high-nonlinearity PCF
(HN-PCF, with the core size of ~4.6 pm) was spliced to
the output end of the HC fiber for supercontinuum
generation. The end faces of these two kinds of PCF's from
scanning electron microscope (SEM) images are given in
Figs. 3(a) and 3(b). Due to the hollow and different fiber
structure of the two fibers, both fibers around the splicing
point collapse seriously in a direct splicing way, leading to
the splicing loss that is always over 4 dB. To reduce the
splicing loss, a bridge fiber (Corning HI1060) with an
MEFED of 6.5 pm was used to connect them together, as shown
in Fig. 3(c). The MFD of HI 1060 is close to the MFD of HC
1060, which can maintain less splicing loss. Because the
HN-PCF is not as easy to collapse as HC 1060, we can
get a very low loss between the HI 1060 and HN-PCF.
By finely controlling the discharge current and duration
time of the splicer, the splicing loss can be enhanced to below
3 dB, which was close to the efficiency of spatial coupling.
The length of HI 1060 was shorter than 10 mm, and we can
protect the two splicing points together by one heat shrink
tube. Our comb contains no space element from the oscilla-
tor to spectrum broadening region, which has the ability to
make the system more stable and integrated.

A 107 fs pulse was obtained after a 4.1 m HC-PCF, with
the autocorrelation trace shown in Fig. 3(d). The pulse
wings are not quite clean due to the adjustment difficulties
of the hollow fiber length.
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Fig. 3. (a) End face of NKT HC 1060 fiber by SEM from NKT
photonics; (b) end face of HN-PCF by SEM; (c) fiber HI 1060
acts as bridge fiber to connect the two PCF's together with loss
less than 3 dB; (d) measured autocorrelation trace of the pulses
compressed by HC PCF.
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A tapered HN-PCF, which has a similar structure with
the tapered PCF's in Refs. [11,12], was used for supercon-
tinuum generation. The original core diameter of the
HN-PCF is 4.6 pm with the d/A ratio of 0.53. The core
diameter is tapered to 1.8 pm, resulting in the nonlinearity
coefficient increasing from 11 to 74.5 W' - km~'. The
original HN-PCF has only one zero dispersion wavelength
(ZDW) at 1018 nm, while the tapered HN-PCF has two
ZDWs at 794 and 1129 nm, and the pump laser wave-
length was in the anomalous dispersion region between
the two ZDWs™. The tapered length is about 5 cm,
and the transition area lengths are 3 cm long, respectively,
on both sides of the fiber.

The octave-spanning spectrum generated in the tapered
HN-PCF is shown in Fig. 4(a), which covers from 600 to
1300 nm. The generated octave-spanning spectrum is
broad enough and has an appropriate frequency pair for
feeo signal detection.

The spectral components at 630 and 1260 nm in the
octave-spanning spectrum were used for the f.., beating.
Before the beating, the fundamental wavelength and the
frequency-doubled pulses were separated by a dichroic
mirror (DM) and recombined after an optical delay line
for the delay compensation. A periodically poled lithium
niobate (PPLN) crystal was used for frequency doubling
of 1260 nm wavelength pulses. The fundamental and the
second harmonic pulses were sent through a bandpass
filter centered at 630 nm and then onto the silica
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Fig. 4. (a) The experiment (black line) octave-spanning
spectrum generated from HN-PCF; (b) the f., signal detected
from the APD at the resolution bandwidth of 300 kHz.

avalanche photodiode (APD). The intracavity grating
pairs’ distance and amplification pump power were
slightly adjusted for better f., signal. The f., beat
signal-to-noise ratio (SNR) was measured to be 22 dB
[with the resolution bandwidth (RBW) = 300 kHz|, as
shown in Fig. 4(b).

In conclusion, we demonstrated an integrated 102 MHz
Yb:fiber laser frequency comb in an all-fiber structure,
using a hollow fiber to replace the free-space dispersion
compensation grating pairs. It contained no free-space
element from the oscillator output to the spectrum broad-
ening part by splicing PCFs together to make the system
more stable and integrated. The offset frequency f.., sig-
nal was detected with 22 dB SNR at 300 kHz RWB. The
offset frequency locking will be reported in a future study.

Although the comb has become more compact by em-
ploying a mnear all-fiber NALM structure and splicing
two PCF's together, there is still room for improvement.
First, the oscillator can be more stable with a compact
mechanical design and by adding a temperature control
module. Second, we can optimize the pulse width for offset
frequency locking in a future study. Furthermore, the
Michelson interferometer should be removed by a well-
designed tapered PCF that could be able to compensate
the delay between the fundamental and the second
harmonic wave. This relies on our further design and fab-
rication of the PCF.
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