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We demonstrate a stable Yb:fiber frequency comb with supercontinuum generation by using a specially designed
tapered single-mode fiber, in which a spectrum spanning from 500 nm to 1500 nm is produced. The carrier-envelope offset
signal of the Yb:fiber comb is measured with a signal-to-noise ratio of more than 40 dB and a linewidth narrower than
120 kHz. The repetition rate and carrier-envelope offset signals are simultaneously phase locked to-a microwave reference

frequency.
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1. Introduction

Optical frequency combs have promoted great develop-
ment of frequency metrology over the past decades.!!?! Fiber
frequency combs are becoming increasingly prevalent due to
their excellent long-term operation, compactness and environ-
mental stability.[>* In some special applications, such as time
and frequency transfer, absolute large distance measurement
and calibration of high-resolution spectrographs, fiber combs
are always chosen over Ti:sapphire frequency combs, being
reliable and dependable tools.>~101

The introduction of Yb:fiber frequency combs contributes
to the improvements in optical linewidth, phase-locking per-
formance, repetition rate, and average power.!'!"'?] The state-
of-the-art Yb:fiber comb with submillihertz linewidth and
more than 10-W average power was reported by JILA and
IMRA in 2008, and using such comb laser they continued
to succeed in the generation of extreme ultraviolet combs at
MHz level repetition rate which are very important for re-
search in fundamental physics and nuclear spectroscopy.!! 11!
In the process of constructing Yb:fiber comb system, the gen-
eration of a spectrum spanning more than an optical octave is
necessary to measure the carrier-envelope offset (CEO) sig-
nal of the femtosecond pulse train by a self-reference tech-
nique. Photonic crystal fiber (PCF) is normally chosen as a
nonlinear medium to broaden spectrum emitted directly from

14.15] A5 an alternative method, the

the oscillator or amplifier.|
tapered single-mode fiber (TSMF) technology has been devel-
oped and drawn more attention recently.!!%!7] Compared with
the PCF, the TSMF also has the advantages in good repeata-

bility, high nonlinear coefficient, and adjustable zero disper-
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sion wavelength (ZDW). Besides, the TSMF is low-cost and
has a double-funnel structure enabling the coupling process
easily and with high efficiency. To our knowledge, using a
TSMF in a frequency comb has not yet been reported. Last
year, we generated a supercontinuum (SC) and measured the
CEO signal in an Yb: fiber laser by using a section of TSMF
with a diameter of 3 umm and a tapered length of 9 cm.!'3]
A spectrum ranging from 500 nm to 1500 nm and a CEO sig-
nal with a signal-to-noise ratio (SNR) of nearly 30 dB were
obtained. But in that case, the commercial Yb:fiber oscillator
(Menlosystems GmbH) that we used was unable to adjust the
dispersion in the cavity, so we had no opportunity to optimize
the characteristics of the CEO signal, including the SNR and
the linewidth.

In this paper, we utilize a nonlinear polarization evolu-
tion (NPE) mode-locked Yb:fiber oscillator at a repetition rate
of 222 MHz which is built by ourselves instead of the previ-
ous commercial laser. After one stage single-mode fiber am-
plification and grating pair compression, laser pulses with a
power of approximately 350 mW and a duration of 79 fs are
coupled into a segment of TSMF. An SC spectrum ranging
from 500 nm to 1500 nm is obtained, similar to our results
in Ref. [18]. Based on the SC spectrum, the optimized SNR
of the CEO signal reaches 44 dB and the linewidth decreases
to nearly 110 kHz. The repetition rate and the CEO signal are
phase-locked to the outside microwave reference and show the

same stability as the reference source.
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2. Experimental setup

The schematic diagram of the experimental setup is
shown in Fig. 1. The Yb-doped fiber oscillator is mode-locked
by the NPE technique and operates in the stretched pulse
regime with a standard ring cavity design. The gain medium is
a section of highly Yb-doped single-mode fiber (Coractive, Yb
125) with a length of 15 cm. The free-space section consists
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lizing a laser diode at the wavelength of 976 nm is coupled
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Fig. 1. (color online) Experimental setup of the Yb:fiber frequency comb based on a tapered single-mode fiber. AS: aspherical lens,
DDL.: dispersion delay line, DM: dichroic mirror, and BPF: band pass flitter.

In order to meet different demands, the output pulses di-
rectly from the oscillator are coupled into a fiber splitter by an
aspherical lens and then divided into three routes with average
powers of 1%, 49%, and 50% respectively. The 1% route is
used for detecting and controlling the repetition rate. The 49%
route is reserved for monitoring the output pulses and other ap-
plications. The 50% route, about 30 mW, is used to measure
the CEO signal of the Yb:fiber laser. We build a one-stage am-
plifier to amplify the laser pulses in the 50% route. The ampli-
fier mainly consists of a 1-m-long single cladding Yb-doped
fiber, a high power WDM, a polarization beam combiner, and
two polarization-maintaining 976-nm laser diodes (LDs) with
a total maximum output power of 1.3 W. The amplified pulses
are then compressed by a pair of parallel 1000 lines/mm trans-
mission gratings installed at the Littrow angle. In order to
achieve an octave-spanning spectrum, the de-chirped pulses
are injected into the TSMF (SMF-28, Coning) via an aspheric

lens with a focal length of 6.24 mm. The cladding diameter
and length of the tapered region are about 3 pmm and 9 cm,
respectively. The down-tapering regions of both sides are both
3.5-cm long. Owing to the refractive index difference between
cladding and air, in the tapered region the pulses propagate
within the whole cladding rather than being confined to the
core. The nonlinear coefficient of the optical fiber mainly de-
pends on the diameter of its core, the effective core area, and
the refractive index difference between core and cladding. The
nonlinear coefficient of a 3-um fiber is about 53 W—!.km~! at
1030 nm. The third order dispersion (TOD) has almost no ef-
fect on the SC generation with TSMF. In this work we just
consider the group velocity dispersion (GVD), which is about
—46 ps®/km at 1030 nm. Meanwhile, the ZDW of the TSMF
used in this work is calculated to be about 830 nm.[!%-2%]
Wavelengths in the long wavelength part and short wave-
length part of the SC spectrum are selected to measure the
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CEO signal. Using a dichroic mirror, the long wavelength part
and the short one are divided into two routes and injected into
a typical f-to-2f interferometer. To adjust the time delay of
the pulses in the two routes, a dispersion delay line consist-
ing of two rectangular prisms is located in the short wave-
length route. A BBO crystal with the three-dimensional size of
3 mmx3 mmx3 mm is placed in the long wavelength route to
efficiently double frequency from 1180 nm to 590 nm. The po-
larization of the pulses is optimized by rotating the half wave-
plate in each route, and the two beams are then combined by a
PBS. In order to measure the CEO signal, a reflection grating
is used to diffract the beam in the parallel plane and the light
is then focused onto an APD.

The schematic diagram of the electronic locking system
for the repetition rate and the CEO signal is shown in the
lower-left corner of Fig. 1. In general, the repetition rate and
the CEO signal can be controlled independently, according to
actual requirements. In our experiment, we implemente both
lockings simultaneously to obtain absolute stability of each
mode in the Yb:fiber comb. To stabilize the repetition rate, a
piezoelectric transducer (PZT) attached to the back of a small
reflecting mirror is used to control the cavity length. The repe-
tition rate signal is detected by a fiber-coupled high-sensitivity
PIN detector. The general approach to stabilizing the CEO
signal is to adjust the pumping current of the laser diode of the
Yb:fiber oscillator.

3. Results and discussion

With a pump power of 365 mW, mode-locked pulses are
emitted from the intra-cavity PBS with an average power of
about 110 mW at a repetition rate of 222 MHz. The output
spectrum of the oscillator is shown in Fig. 2(a), corresponding
to a transform-limited pulse duration of 45 fs in theory. The
duration of the chirped pulses from the oscillator is measured
by the intensity autocorrelator to be about 0.8 ps (sech? profile
fitting). With 1.2 W of pump power, 730-mW amplified pulses
are obtained, of which the optical-optical efficiency is about
61%. After being compressed by a pair of transmission grat-
ings, de-chirped pulses with an average power of 680 mW are
obtained, of which the spectrum is shown in Fig. 2(a). Owing
to the gain narrowing effect in the process of amplification,
the full width at half maximum (FWHM) of the spectrum is
narrowed to about 17 nm and the theoretical transform-limited
duration is about 63 fs. The intensity autocorrelation trace of
the compressed pulse is depicted in Fig. 2(b), and the pulse
duration is about 79 fs (sech? profile fitting).
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Fig. 2. (color online) (a) Normalized spectra of the oscillator (red curve)
and after the compressor (black curve). (b) Experimentally measured
intensity autocorrelation trace (black curve) after the compressor and
sech? fitting trace (red curve).

When the de-chirped pulses exceeding 200 mW are cou-
pled into the TSMF, an octave-spanning spectrum is achieved.
With the input power increasing, the range of the SC spectrum
extends slowly and simultaneously to the longer and shorter
wavelength regions. Figure 3 shows an SC spectrum from the
TSMF with a coupled average power of 340 mW, correspond-
ing to a peak power of 20 kW and a pulse energy of 1.5 nJ. It
is obvious that the power at both wavelengths of 590 nm and
1180 nm in the SC spectrum is high enough to measure the
CEO signal by a typical f-to-2f interferometer.
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Fig. 3. Octave-spanning spectrum generated in the TSMF.

The SC spectrum is split into two routes which are

then guided into a typical f-to-2f interferometer. Adjust-
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ing the insertion length of the rectangular prism placed in the
short wavelength route and rotating the BBO crystal for the
frequency-doubling process carefully, the CEO signal is mea-
sured by a frequency spectrum analyzer with high SNR. As
shown in Fig. 4, the SNR of the CEO signal is about 44 dB
with a resolution bandwidth (RBW) of 100 kHz. The SNR is
observed to decrease slowly (about 10 dB after one day) due
to the slow drift of the space coupling optical path. In terms
of the linewidth of the CEO signal, optimizing the intra-cavity
dispersion of the Yb:fiber oscillator by adjusting the spacing
between the reflection grating pairs leads to considerable nar-
rowing. When the spacing is about 25.5 cm, the net cavity
dispersion is close to zero and the linewidth of the CEO signal
is significantly compressed to less than 110 kHz with an RBW
of 1 kHz. The feature of the CEO signal is good enough for
phase locking.
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Fig. 4. (color online) (a) The CEO signal with 44 dB SNR and (b) The
bandwidth of the CEO signal at 1-kHz resolution bandwidth.

In order to improve the locking accuracy of the repeti-
tion rate, the fifth harmonic of the repetition rate is extracted
and compared with a 1.11-GHz signal provided by a synthe-
sizer (SYN1) with referencing to an outside reference source.
The reference source is provided by the 10-MHz signal output
port of a synthesizer (SYN2) with an Allan deviation of about
1x107'2/s. The control signal obtained from the loop filter is
fed back to the PZT to control the cavity length of the Yb:fiber
oscillator. The fluctuation of the repetition rate is recorded by
a frequency counter. As shown in Fig. 5(a), the standard devi-

ation is 0.7 mHz with an integration time of 1000 s. The calcu-
lated Allan deviation as shown in Fig. 5(b), indicates a track-
ing stability of 2.26x 1013 /7'/2 in a gate time of 100 s. The
instability of the optical frequency comb contributes a value of
3.15 x 107 '2/s by the repetition rate (at the center wavelength
of 1030 nm).
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Fig. 5. (a) Residual frequency fluctuation of the locking repetition rate,
and (b) Allan deviation of the locking repetition rate.
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Fig. 6. Residual frequency fluctuation of the locked CEO signal.

The CEO signal was set to be nearly 21.4 MHz by ad-
justing the pump current of the Yb:fiber oscillator. The CEO
signal is obtained by a band pass filter, and the frequency of
the reference signal from SYN?2 is set to be 21.4 MHz. The
error signal is obtained by the loop filter and fed back to sta-
bilize the CEO signal by adjusting the pumping current of the
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Yb:fiber oscillator. As shown in Fig. 6, the standard deviation
of the locked CEO signal is 3.8 mHz with an integration time
of 1000 s. The instability of the optical frequency comb con-
tributes a value of 1.3x10~!7/s by the CEO frequency (at the
center wavelength of 1030 nm). Therefore, the stability of the
frequency comb mainly depends on repetition rate. Limited by
our locking technique, the linewidth of the locked CEO signal
shows no significant narrowing compared with the unlocked
CEO signal.

The phase noise power spectral densities (PSDs) of the
repetition rate and the CEO signal are also measured and
shown in Fig. 7. As shown in Fig. 7(a), while the repeti-
tion rate is in the free running state (black curve), the PSD is
about —28 dBc at 1 Hz. If locked, the PSD decreases to about
—58 dBc/Hz at 1 Hz. Limited by the response speed of the
PZT, the phase noise is well suppressed below 100 Hz, but the
phase noise at higher frequency still maintains the previous
state. It is possible to compensate for those high frequency
noises by using an electro-optical modulator or an acousto-
optic modulator.
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Fig. 7. (color online) Phase noise power spectral densities of (a) the
repetition rate signal and (b) the locked CEO signal.

In order to reduce the phase noise of the CEO frequency,
we utilize an LD pump source with a current modulation fre-
quency of at least 200 kHz. The PSD of the locked CEO signal
is shown in Fig. 7(b), the PSD is about —52 dBc at 30 Hz and

the PSD curve starts to rapidly decrease at 100 kHz. From the
trend of the curve, we can deduce that the phase noise of the
CEO frequency below 100 kHz is well compensated for.

4. Conclusions

In this paper, we present a stable low noise 222-MHz
Yb:fiber frequency comb based on TSMF. An octave-spanning
SC spectrum from 500 nm to 1500 nm is generated via launch-
ing the 345-mW de-chirped pulses into the TSMF. A CEO sig-
nal with a high SNR of up to 44 dB-and a linewidth of about
110 kHz are obtained. According to the stable CEO signal,
we phase-lock the fifth harmonic of the repetition rate and the
CEO signal simultaneously to a microwave reference source.
Their phase noises are measured and clearly suppressed by the
servo electronics. Owing to their compactness and inexpen-
siveness, fiber combs based on TSMF have great potential ap-
plications.

References

[1] Jones D'J, Diddams S A, Ranka J K, Stentz A, Windeler R S, Hall J L
and Cundiff S T 2000 Science 288 635
[2] Diddams S A, Jones D J, Ye J, Cundiff S T and Hall J L 2000 Phys.
Rev. Lett. 84 5102
[3] Schibli TR, Minoshima K, Hong F L, Inaba H, Onae A and Matsumoto
H 2004 Opt. Lett. 29 2467
[4] Bartels A, Oates C W, Hollberg L and Diddams S A 2004 Opt. Lett. 29
1081
[5] Predehl K, Grosche G, Raupach S M F, Droste S, Terra O, Alnis J,
Legero Th, Hansch T W, Udem Th, Holzwarth R and Schnatz H 2012
Science 336 441
[6] Giorgetta F R, Swann W C, Sinclair L C, Baumann E, Coddington I
and Newbury N R 2013 Nat. Photon. 7 434
[7] Jian P, Pinel O, Fabre C, Lamine B and Treps N 2012 Opt. Express 20
27133
[8] Coddington I, Swann W C, Nenadovic L and Newbury N R 2009 Nat.
Photon. 3 351
[9] Steinmetz T, Wilken T, Hauck C A, Holzwarth R, Hinsch T W,
Pasquini L, Manescau A, Odorico S D, Murphy M T, Kentischer T,
Schmidt W and Udem T 2008 Science 321 1335
[10] Wilken T, Curto G L, Probst R A. Steinmetz T, Manescau A, Pasquini
L, Hernandez J I G, Rebolo R, Hinsch T W, Udem T and Holzwarth R
2012 Nature 485 611
[11] Schibli T R, Hartl I, Yost D C, Martin M J, Marcinkevicius A, Fermann
M E and Ye J 2008 Nat. Photon. 2 355
[12] Ruehl A, Marcinkevicius A, Fermann M E and Hartl 1 2010 Opt. Lett.
353015
[13] Cingoz A, Yost D C, Allison T K, Ruehl A, Fermann M E, Hartl I and
Ye J 2012 Nature 482 68
[14] Knight J C, Broeng J, Birks T A and Russel P S J 1998 Science 282
1476
[15] RankaJ K, Windeler R S and Stentz A J 2000 Opt. Lett. 25 25
[16] Birks T A and Li Y W 1992 J. Lightwave Technol. 10 432
[17] Birks T A, Wadsworth W J and Russell P S J 2000 Opt. Lett. 25 1415
[18] Zhang L, Han HN, Zhao Y Y, Hou L, Yu Z J and Wei Z Y 2014 Appl.
Phys. B117 1183
[19] Wadsworth W J, Blanch A O, Knight J C, Birks T A, Man T P M and
Russell P S J 2002 J. Opt. Soc. Am. B19 2148
[20] Tong L M, Lou J Y and Mazur E 2004 Opt. Express 12 1025

044208-5


http://dx.doi.org/10.1126/science.288.5466.635
http://dx.doi.org/10.1103/PhysRevLett.84.5102
http://dx.doi.org/10.1103/PhysRevLett.84.5102
http://dx.doi.org/10.1364/OL.29.002467
http://dx.doi.org/10.1364/OL.29.001081
http://dx.doi.org/10.1364/OL.29.001081
http://dx.doi.org/10.1126/science.1218442
http://dx.doi.org/10.1126/science.1218442
http://dx.doi.org/10.1038/nphoton.2013.69
http://dx.doi.org/10.1364/OE.20.027133
http://dx.doi.org/10.1364/OE.20.027133
http://dx.doi.org/10.1038/nphoton.2009.94
http://dx.doi.org/10.1038/nphoton.2009.94
http://dx.doi.org/10.1126/science.1161030
http://dx.doi.org/10.1038/nature11092
http://dx.doi.org/10.1038/nphoton.2008.79
http://dx.doi.org/10.1364/OL.35.003015
http://dx.doi.org/10.1364/OL.35.003015
http://dx.doi.org/10.1038/nature10711
http://dx.doi.org/10.1126/science.282.5393.1476
http://dx.doi.org/10.1126/science.282.5393.1476
http://dx.doi.org/10.1109/50.134196
http://dx.doi.org/10.1364/OL.25.001415
http://dx.doi.org/10.1007/s00340-014-5942-7
http://dx.doi.org/10.1007/s00340-014-5942-7
http://dx.doi.org/10.1364/JOSAB.19.002148
http://dx.doi.org/10.1364/OPEX.12.001025

	1. Introduction
	2. Experimental setup
	3. Results and discussion
	4. Conclusions
	References

