IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Tunable, High-Order Harmonically Mode-Locked All-Normal-Dispersion Ytterbium Fiber Laser

This content has been downloaded from IOPscience. Please scroll down to see the full text.
2015 Chinese Phys. Lett. 32 084201
(http://iopscience.iop.org/0256-307X/32/8/084201)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

IP Address: 159.226.35.202
This content was downloaded on 24/09/2015 at 03:57

Please note that terms and conditions apply.



iopscience.iop.org/page/terms
http://iopscience.iop.org/0256-307X/32/8
http://iopscience.iop.org/0256-307X
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

CHIN.PHYS.LETT. Vol. 32, No.8(2015) 084201

Tunable, High-Order Harmonically Mode-Locked All-Normal-Dispersion
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2 Beijing National Laboratory for Condensed Matter Physics, Institute of Physics,
Chinese Academy of Sciences, Beijing 100190

(Received 7 April 2015)

We report the generation of passively tunable high peak signal-to-noise ratio harmonic mode-locked (HML) all-
normal-dispersion Yb-doped fiber laser with a single birefringent filter in a ring cavity configuration. The highest
fourth harmonic of the fundamental mode-locked frequency at a repetition rate of 88 MHz is obtained. The
pulses are compressed to 627 fs by using an external grating-pair compressor. For the fourth HML output, the
peak signal-to-noise ratio of the rf is 73dB and the average power is as high as 110 mW with the pump power
of 500 mW. Soliton bunches which contain multipulses are also observed in the weak mode-locked regime of the
HML, and the separation between interpulses in a dissipative soliton bunch can be controlled by adjustment of

the waveplates and spectral filter in the cavity.

PACS: 42.55.Px, 42.55.Wd, 42.55.Xi

Mode-locked fiber lasers have attracted significant
interest for their potential advantages in compact de-
sign and reduced alignment sensitivity as well as ex-
cellent beam quality. As an excellent laser source,
the passively mode-locked fiber laser opens a way
to realize ultrahigh-repetition-rate pulse train with
low timing jitter, which has found wide applications
in microfabrication, optical communications, optical
metrology, and optical frequency combs.!'! Secondly,
with the emergence of the harmonic mode-locked
(HML) technology,l”! the repetition rate of the pas-
sively mode-locked fiber laser was greatly increased,
and up to gigahertz (GHz) repetition rate has been
realized in Er-doped fiber lasers and/or in Yb-doped
fiber lasers with anomalous dispersion.!” 7]

As a novel paradigm for the generation of ultra-
short pulses, chirped pulse spectral filtering based
ANDi fiber lasers have been widely studied due to the
advantage of the removal of the anomalous-dispersion
segment, which provides a possibility for realization
of higher energy pulses directly from the fiber oscilla-
tor. However, due to the great tolerance of the non-
linear phase shift in the ANDi fiber laser, it is rel-
atively difficult to realize high-order pulse splitting
similar to the soliton fiber laser. For example, in
2011, Yang et al. reported passive second order HML
in ANDiI fiber laser with pulse duration of 14.6 ps as-
suming a sech?-pulse shape.[] Recently, Wang et al.
achieved a 99.6 MHz second order HML ytterbium
fiber laser with direct output pulse duration of 5 ps.
Gao et al. realized the fourth-ordered HML ANDi
fiber laser with a super-mode-suppression ratio lower
than 55dB.[”"'% The highest harmonic order reported
in the ANDi fiber laser to date has been 14th HML
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output with 2.53 MHz fundamental repetition rate and
a cascade long period fiber grating as spectral filter for
modulations of the amplitude and spectrum. How-
ever, due to the longer fiber employed in the cavity
and the instability introduced by fiber, the pulse du-
ration was restricted to 1.3ns and the super-mode-
suppression ratio was 23 dB due to the sensitivity of
the birefringence in an optical fiber to the surround-
ing’s temperature.!'!]

In this Letter, we report a nonlinear polarization
evolution-based stable tunable high peak signal-to-
noise ratio HML ANDi Yb fiber laser at 1046 nm,
which generates the highest fourth HML with 73dB
peak signal-to-noise ratio at a repetition rate of
88 MHz and a direct (uncompressed) pulse duration of
15.5 ps. Compared with the previous reports in high-
order HML ANDi fiber lasers, significant improvement
is obtained in peak signal-to-noise ratio. After com-
pression, pulses with duration of 627fs are obtained
with a sech? fit. We also experimentally study the
evolution of the separation of the interpulses in a dis-
sipative soliton bunch in the process of the realiza-
tion of the harmonic mode locking. It also exhibits
a 1.25nJ of pulse energy at the fourth HML output
and the obtained high peak signal-to-noise ratio also
shows the excellent environmental stability.

Figure 1 shows the schematic diagram of our pas-
sive harmonically mode-locked ANDi Yb-doped fiber
laser. It conmsists of a 976 nm laser diode (LD) with
a maximum pump power of 500 mW, a 980,/1030 nm
wavelength division multiplexer (WDM), a 40cm of
Yb-doped fiber (YDF), an optical isolator with an ef-
fective operating range from 1044 to 1084 nm, a po-
larization controller (PC) consisting of two quarter-
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waveplates and one half-waveplate, polarizing beam
splitters (PBS), a pair of high power fiber collima-
tor at a central wavelength of 1040 nm, a birefringent
plate with a thickness of 7.5 mm, and an optical cou-
pler with 50% output. The other single-mode fibers
used in the oscillator are 8.5m HI 1060 with an esti-
mated normal 22 fs?/mm dispersion coefficient. The
overall cavity length of the oscillator is approximately
9 m corresponding to a round-trip time of 45.45 ns and
the total dispersion introduced into the cavity is es-
timated to be 0.2ps?. The pump laser from 976 nm
LD is coupled into the YDF through the WDM in a
forward pump configuration and the generated laser
propagates unidirectionally in the ring cavity due to
the confinement of the isolator. The birefringent plate
inserted between polarizers at Brewster angle consti-
tutes a narrow band spectral filter and its actual ac-
tion is to chirp the pulses in spectral and temporal
regime to introduce pulse-shaping mechanism so as to
initiate mode-locking. The mode-locked output laser
pulses are detected by a fast photo-diode and recorded
with an oscilloscope (DPO 2024B), an optical spec-
trum analyzer (Yokogawa AQ6370), and a frequency
spectrum analyzer (Agilent E4407B).

Monitor
Isolator WDM

YDF

50:50
Pump diode

Collimator

Collimator

PBS BPF HWP QWP

Output

Fig. 1. Schematic diagram of the ANDIi fiber laser. PBS:
polarization beam splitter; QWP (HWP): quarter- (half-
) waveplate; BPF: birefringent filter; WDM: wavelength
division multiplexer.

Self-starting fundamental wave mode-locking is
firstly realized by carefully adjusting the PC under
a full pump power. The mode-locked pulse train on
oscilloscope and the rf spectrum are shown in Fig. 2,
where the repetition rate of fundamental pulses is
22 MHz.

Based on the stable fundamental mode-locking
achieved, the mode-locked pulses train are gradually
split into soliton bunches which contain two or more
interpulses by slight adjustment of the orientations of
the waveplates and birefringence filter without chang-
ing the pump power. Furthermore, the time interval
of the interpulses in a soliton bunch can be exper-
imentally controlled by adjusting the waveplates in
the fiber laser. As solitons with equal amplitude are
distributed periodically, thus the corresponding repe-
tition frequency is equal to a multiple of the resonator
round-trip repetition rate, the HML state is estab-
lished. The corresponding dynamic evolvement of the
second order HML is shown in Fig. 3.
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Fig. 2. (a) Pulse train on an oscilloscope; (b) the rf spec-
trum with 1kHz resolution.
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Fig. 3. Evolvement of the second order HML: (a) pulses
splitting; (b) dual-pulse soliton bunch with equal ampli-
tude; (c) dual-pulse soliton bunch with A¢; = 13.31ns
pulse separation, Ate = 32.14ns; (d) dual-pulse soli-
ton bunch with At; = 20.25ns pulse separation, Aty =
25.20 ns; (e) second HML pulses, At; = Aty = 22.72ns.
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Fig.4. Second order HML results at the wavelength of
1046 nm. (a) Optical spectrum measured at the output
port of the PBS. (b) The rf spectrum with 1kHz resolu-
tion.

Figure 4 shows the spectrum of the second order
HML on a logarithmic scale with a 3dB bandwidth of
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6.5nm and the rf spectrum.

The rf spectrum in Fig.4(b) shows a high peak-
to-pedestal extinction (~65dB) for the second order
HML operation which indicates high stability. In ad-
dition, with continuous fine adjustment of the wave-
plates assisted with the rotation of the optical axis of
the uniaxial birefringent filter, the higher-order har-
monic mode-locked state could also be realized. The
corresponding dynamic evolvements of the third and
fourth-order HML are also shown in Figs.5 and 6.

Figure 7 shows the spectra of the high-order HML
on a logarithmic scale. For the third-order HML, the
3 dB bandwidth (8.6 nm) is slightly wider than that in
fourth HML (7 nm).
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Fig.5. Evolvement process on the formation of the

third order HML: (a) pulse splitting (b) triple-pulse soli-
ton bunch with one separated pulse; (c) triple-pulse soli-
ton bunch with equal amplitude; (d) triple-pulse soliton
bunch with hybrid pulse separations; (e) transition state
before harmonic pulse formation; and (f) stable third HML
pulses.
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Fig. 6. Evolutionary process on the formation of the

fourth order HML: (a) quadruple-pulse soliton bunch; (b)
quadruple-pulse soliton bunch with two separated pulses;
(c) quadruple-pulse soliton bunch with unequal amplitude;
(d) transition state before harmonic pulse formation with
four pulses coexisting in a bunch, but the separation be-
tween the pulses is not consistent; and (e) stationary dis-
tribution in stable fourth HML.

For third and fourth HMLs, the fundamental fre-
quencies are 66 and 88 MHz, respectively, as shown
in Figs.8(a) and 8(b). The rf spectra in Fig. 8 show
high signal-to-noise ratio (69 and 73dB for third and

fourth HMLs, respectively, at a resolution bandwidth
of 1kHz), which indicates high stability during mode-
locking operation.
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Fig.7. HML spectra at the output port of the PBS.
(a) Optical spectrum of the third order HML. (b) Optical
spectrum of the fourth order HML.
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Fig. 8. (a) The rf spectrum of the third HML pulses for
the 120 MHz scanning range with 1kHz resolution. (b)
The rf spectrum of the fourth harmonic at 88 MHz with
170 MHz span. (c) The rf spectrum at the third harmonic
for the 1 GHz scanning range with 10 kHz resolution. (d)
The rf spectrum at the fourth harmonic with 1 GHz span.

According to the analysis in Ref.[12], the pulse-
to-pulse energy fluctuations AFE and the timing jitter
At of the output pulse train can be evaluated through
the analysis of the rf spectra. Our analysis suggests
the excellent performance for the fourth HML ANDi
fiber laser with low amplitude fluctuations (0.2%) and
relatively low timing jitter (~4ps).

Finally, the fourth HML pulses from the laser cav-
ity are externally compressed by using a pair of grat-
ings of 600lines/mm with an incidence angle of 27°
under the pump power of 500 mW. Figure 9 shows the
autocorrelation temporal pulse shape (black line) and
the Sech? fitting (red dashed line) of the compressed
pulses, which shows pulse duration of 627 fs. The mea-
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sured maximum average power at the fourth harmonic
is 110 mW, which corresponds to the pulse energy as
high as 1.25nJ.
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Fig.9. Experimental (black line) and simulated (red
dashed line) autocorrelation trace of the output com-
pressed pulses. Inset: uncompressed autocorrelation trace
of the output pulses for the ANDI laser operated at the
fourth HML.

The main mechanism of the HML Yb-doped ANDi
fiber laser can be explained by detuning of the fre-
quency of the narrow-band birefringent filter relative
to the center frequency of the gain spectrum.l'?'*]
Based on our experimentally observed results, the
slightly detuning frequency introduced by the birefrin-
gent filter changes the original phase relationship of
the fundamental mode-locking, and new mode-locked
regime can be established, in which the phases be-
tween soliton bunches which contain multiple pulse
are the same or with differences of 2n7 (n is an inte-
ger), while the phase and the relative velocity (6v) be-
tween interpulses in a dissipative soliton bunch can be
changed. By assisted adjustment of waveplates which
introduce a phase offset, the soliton bunch state can
be broken and eventually evolved into the in-phase
constant speed HML state. In addition, the realiza-
tion of high-order harmonic mode-locking with high
peak signal-to-noise ratio is also believed to be con-
nected to the total dispersion of the cavity and the

effective spectral filter bandwidth, which can be con-
trolled through the optimization and selection of pa-
rameters.

In conclusion, the nonlinear polarization evolution-
based stable fourth harmonic mode-locked Yb ANDi
fiber laser with 73dB high peak signal-to-noise ratio
at a repetition rate of 88 MHz is obtained. The aver-
age output power is 110 mW with ~1.25nJ pulse en-
ergy and compressed pulse duration of 627fs. When
the harmonic mode-locking is weak, soliton bunches
which contain multipulses are generated by adjust-
ment of the combination of the waveplates and the
narrow-band birefringent filter. The demonstration of
the soliton bunch with controllable pulse separation
and numbers in ANDI fiber laser can extend our un-
derstanding for dissipative soliton mode-locking and
the fiber laser will have a wide range of applications
such as optical comb and coherent synthesizer.
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