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We demonstrated high-energy femtosecond amplifier-
similariton oscillators with predominant Er-doped fibers
of normal dispersion. Stably mode-locked pulses of ~3 ps,
33 nJ] were produced at 720 mW pump power, while a
double-pass grating pair of 36% efficiency compressed
the pulses to 156 fs and 47 kW peak power (a new record).
Broad mode-locked spectra supporting transform-limited
pulsewidths down to 60 fs were obtained by adjusting the
intracavity waveplates and filter. Continuous wave (CW)
mode-locked pulses up to 53 nJ were generated by increas-
ing the pump power to 1.5 W and by introducing signifi-
cant spectral phase modulation via an intracavity pulse
shaper. However, weak subpulses or pedestal could arise
along with increased shot-to-shot fluctuation under this
extreme operation mode. © 2015 Optical Society of America

OCIS codes: (060.2320) Fiber optics amplifiers and oscillators;
(140.4050) Mode-locked lasers; (140.7090) Ultrafast lasers.
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Dissipative-soliton and similariton lasers enabled by nonlinear
pulse propagation in normally dispersive fibers have improved
the pulse energy of mode-locked fiber oscillators by more than
1 order of magnitude [1]. The maximum pulse energy of
Yb-doped fiber oscillators has reached ~1 pJ [2]. In contrast,
Er-doped fibers (EDFs) are subject to lower doping concentra-
tion, narrower gain bandwidth, and smaller core (to achieve
normal dispersion). The highest uncompressed pulse energies
(compressed pulsewidths) were produced by dissipative-soliton
lasers with 20 nJ (750 fs, [3]), 34 n] (369 fs, [4]), and 38 n]
(700 fs, [5]), respectively. The corresponding peak powers (after
compression) remain less than the 40 kW record (3.5 nJ, 70 fs)
achieved by an amplifier-similariton laser [6]. Although EDF
amplifier (EDFA) can further boost the pulse energy [7], it is
subject to increased noise, complexity, and cost. In the appli-
cations of 3D microprinting, iz vivo nonlinear microscopy [8],
optical coherence tomography [9], EDF oscillators able to
deliver tens of nJ pulse energy and ~100 kW peak power
would be sufficient and particularly attractive.

It has been recognized that amplifier-similariton lasers
(made of long normally dispersive gain fiber and a filter) allow
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higher pulse energy and shorter pulse duration (thus stronger
peak power) than the passive-similariton and dissipative-soliton
counterparts [10]. In this regard, we previously demonstrated
an amplifier-similariton oscillator with a cavity consisting of
17-m-long small-core EDF (f, = 22.17 ps?/km) and a pro-
grammable pulse shaper, producing 8.9 n] (before compres-
sion), 268 fs and 6.2 kW (after compression) pulse at 320 mW
pump power [11]. The extra spectral phase modulation added
by the pulse shaper helped to suppress the nonlinear chirp and
pedestal energy without incurring extra nonlinearity. In this
contribution, we improved the pulse energy, compressed pul-
sewidth and peak power to 33 nJ, 156 fs and 47 kW (a new
record) by increasing the EDF length (30 m) and pump power
(720 mW). Over 100 kW peak power would be readily avail-
able by using an accessible high-efficiency (80%) grating pair
compressor. Broad mode-locked spectra supporting transform-
limited (TL) pulsewidths down to 60 fs were obtained by ad-
justing the intracavity waveplates and filter. Continuous wave
(CW) mode-locked pulse energies up to 53 nJ were achieved by
further increasing the pump power (1.5 W), the EDF length
(40 m), and activating the spectral phase modulation via the
intracavity pulse shaper at the price of energy leakage from
the main pulse and increased shot-to-shot fluctuation.

Figure 1 shows the experiment setup. The gain medium was
an EDFA (EDFAI, GIP Technology) comprised of cascaded
EDF (8, = 22.17 ps*/km) and single-mode fiber (SMF, 8, =
-21.94 psz/km) sections (1.7-m SMF, 6-m EDF, 1.2-m SMF,
24-m EDF, and 1.1-m SMF). The maximum pump power
and corresponding total group delay dispersion (GDD) are
720 mW and 0.58 ps?, respectively. For the highest output
pulse energy, another EDFA2 (Alnair Labs) with 1.5 W pump
power was used. It was made of a 40-m-long EDF (f, =
14 ps*/km) sandwiched between two 1-m-long SMF leads,
contributing to a GDD of 0.52 ps?. In contrast to the previous
works [3-5], no dispersion compensating fiber was used in ei-
ther of the two EDFAs to introduce a large amount of normal
GDD. Saturable absorption was implemented by nonlinear
polarization evolution (NPE) with waveplates and a polariza-
tion beam splitter. A slit or a liquid crystal spatial light
modulator (SLM) was placed on the focal plane of a 4-f zero-
dispersion compressor to achieve spectral filtering or program-
mable chirping to stabilize mode locking.
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Fig. 1. Experiment setup. EDFA#, erbium doped fiber amplifier;
HWP#, half-wave plate; QWP#, quarter-wave plate; PBS, polarization
beam splitter; G#, grating; C#, collimator; SLM#, spatial light
modulator. The solid and dashed lines in the compressor stand for
beam paths at different heights.

By properly adjusting the waveplates and the filter passband
(centered at 1563 nm and spanning 5.40 nm), we got a stably
mode-locked spectrum [Fig. 2(a)] at the maximum pump
power (720 mW) of EDFA1. The FWHM and rms bandwidth
were 29 nm (3.4 THz) and 38 nm (4.6 THz), respectively. The
rippled shape and smoother edges are signatures of amplifier-
similariton pulses from the NPE output port [6,10,11], in
contrast to the smoother shape and steeper edges of standard
dissipative-soliton lasers [3—5]. The average power measured at
Node A (Fig. 1) was 187 mW, corresponding to 33 n] pulse
energy (5.69 MHz repetition rate). Intensity autocorrelation
(IA) trace of this uncompressed output pulse [inset, Fig. 2(b)]
had a correlation width (FWHM) of 2.9 ps. The single-pulse
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Fig. 2. Characterization results of the 33 nJ pulse train at Node A.
(a) Power spectrum; (b) intensity autocorrelation (IA) traces over
£200 and %20 ps (inset) delay ranges; (c) oscilloscope trace (recorder
by using 50 GHz photodetector and 350 MHz oscilloscope); (d) RF
spectrum centered at 5.69 MHz with 1 Hz resolution. Inset: RF spec-
trum spanning from 2 to 200 MHz with 10 kHz resolution.
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and CW mode-locking operation was confirmed by satellite-
free long-range (200 ps) IA [Fig. 2(b)] and oscilloscope
[Fig. 2(c)] traces, and the uniform envelope of the radio-
frequency (RF) spectrum [inset, Fig. 2(d)]. The amplitude
fluctuation and timing jitter calculated by the first harmonic
[Fig. 2(d)] and the 35th harmonic of the RF spectrum were
0.19% and 4.56 ps, respectively.

To maximize the peak power and minimize the pulsewidth,
the quadratic and higher-order spectral phase components of
the pulse at Node A were sequentially compensated by a
double-pass (thus spatial chirp-free) grating pair compressor
and an extracavity Fourier transform pulse shaper (Fig. 1), with
efficiencies of 36% and 18%, respectively. Once the pulse
at Node C became TL, the residual spectral phase ¢, (1) at
Node B could be determined by the conjugate phase modula-
tion applied via the pulse shaper.

Figure 3(a) shows the originally measured ¢,.,(4) (solid) and
its fifth-order polynomial fitting (dashed). The temporal inten-
sity [inset, Fig. 3(b)] calculated by the measured power spectrum
and fitted spectral phase corresponds to 73% pulse compression
efficiency (the main pulse takes 73% energy), 156 fs pulsewidth
(FWHM), and 47 kW peak power. The peak power is higher
than the record (40 kW) reported in [6], and can become its
2.6 times (104 kW) if a grating compressor of the same (80%)
efficiency is employed. The IA traces measured at Node B [solid,
Fig. 3(b)] and Node C [solid, Fig. 3(c)] are in good agreement
with the simulated counterparts [dashed, Figs 3(b) and 3(c)],
proving the integrity of the measured ¢, (1).

The output spectrum of the oscillator could be flexibly ma-
nipulated by controlling the waveplates and filter passband. For
example, the rms bandwidth increased from 38 to 60 nm
[Fig. 4(a)] when the filter passband was centered at 1558 nm
and 5.49 nm width. The average power measured at Node A
(Fig. 1) dropped to 96 mW, corresponding to 17 nJ pulse
energy. All the remaining characterizations were performed
at Node C. The experimentally measured IA trace [solid,
Fig. 4(b)] agreed well with the simulated one assuming TL
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Fig. 3. Characterization results of the 33 nJ pulse trains at Nodes B
and C. (a) Power spectrum (shaded), residual spectral phases at Node
B obtained by the pulse shaper (solid) and fitting (dashed), respec-
tively; (b) IA traces at Node B obtained by experiment (solid) and
simulation (dashed). Inset: temporal intensity at Node B; (c) counter-

parts of (b) at Node C.
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Fig. 4. Characterization results of the broadband pulses. (a) Power
spectrum supporting a 76 fs TL pulse; (b) IA traces obtained by experi-
ment at Node C (solid) and simulation assuming TL pulse (dashed),
respectively. Inset: temporal intensity of the TL pulse; (c) IA trace at
Node C measured over £200 ps delay range; (d) oscilloscope trace;
(e) RF spectrum centered at 5.69 MHz with 1 Hz resolution.
Inset: RF spectrum spanning from 2 to 200 MHz with 10 kHz
resolution; (f) power spectrum supporting a 60 fs TL pulse (inset).

pulse [dashed, Fig. 4(b)], verifying the nearly perfect dechirping
enabled by the extracavity pulse shaper. The TL pulse [inset,
Fig. 4(b)] had 76 fs width (FWHM) and 89% pulse compres-
sion efficiency. The single-pulse and CW mode-locking oper-
ation was confirmed by satellite-free long-range (£200 ps) IA
[Fig. 4(c)] and oscilloscope [Fig. 4(d)] traces and the uniform
envelope of the RF spectrum [inset, Fig. 4(e)]. The increased
RF spectral pedestal [Fig. 4(e)], however, indicated a stronger
shot-to-shot fluctuation of this broadband pulse train. The am-
plitude fluctuation and timing jitter calculated by the first har-
monic and the 35th harmonic of the RF spectrum were 0.49%
and 4.21 ps, respectively. Figure 4(f) shows the broadest mode-
locked spectrum we managed to achieve by further adjusting
the waveplates. The bandwidth supported 60 fs TL pulsewidth
(FWHM), while the spectral wings exhibited even smoother
edges. The oscillator worked on the verge of wave-breaking
and only produced an even lower output power (77 mW).
In an attempt to investigate the maximum pulse energy that
can be produced by amplifier-similariton oscillators, we re-
placed the gain medium by EDFA2 with doubled pump power
(1.5 W) and a smaller repetition rate (4.50 MHz). In addition
to adjusting the intracavity waveplates and slit, we gradually
increased the third-order spectral phase modulation via the
SLM placed before the slit to suppress wave-breaking until
stable mode-locking was observed. Unlike the cases of EDFA1
and previous work [11], no stable mode-locking was obtained
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in the absence of the SLM. In one example, a stably mode-
locked spectrum [Fig. 5(a)] with 238 mW average power
was obtained at Node A when a third-order spectral phase with
8.02 ps> GDD and a cubic spectral phase coefficient of
5.98 ps® was added via the SLM. The corresponding pulse en-
ergy (53 nJ) exceeds the previous record (38 nJ [5]), and that of
a recent amplifier-similariton oscillator (3.5 nJ, [6]) by 1.4
and 15 times, respectively. The oscilloscope trace [Fig. 5(b)]
and long-range (£200 ps) IA trace [Fig. 5(c)] (measured at
Node B) confirmed CW mode-locking and no extra main pulse
in each repetition period. However, the latter exhibited a deep
trench separating the main peak from the side bump and back-
ground, implying the presence of weak subpulses and/or broad
pedestal at tens of picoseconds away from the main pulse. The
RF spectrum had a more structured envelope [inset, Fig. 5(d)]
and stronger pedestal [Fig. 5(d)] than those at lower energies
[Figs 2(d) and 4(e)], supporting the above conjecture and
indicating a degraded train stability. The odd features of the
high-energy waveform could arise from the excessively long fi-
ber cavity that is subject to noise burst [12] or noise-like multi-
ple pulses [13]. The spectral stub around 1669 nm [Fig. 5(a)]
coincides with the Raman-signal wavelength, implying the risk
of soliton explosion where secondary pulse and irregular tem-
poral waveform collapses could occur [14,15].

We demonstrated a stably mode-locked pulse train at 33 nJ
energy emitted from an amplifier-similariton oscillator pumped
at 720 mW. By using a double-pass grating pair compressor
with 36% efficiency, we got 156 fs pulse duration and a record
peak power of 47 kW. Over 100 kW peak power is readily
available if a high-efficiency (80%) grating pair compressor is
employed. By adjusting the waveplates and filter inside the cav-
ity, the same setup can generate broad spectra with TL pulse-
widths down to 60 fs. CW mode-locked pulses up to 53 nJ
were generated by increasing the pump power to 1.5 W and
by introducing significant spectral phase modulation via an in-
tracavity pulse shaper at the cost of undesired subpulses and/or
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Fig. 5. (a) Power spectrum spanning over 1540-1700 nm. Inset:
the zoom-in figure spanning over 1540-1570 nm in linear scale;
(b) oscilloscope trace; (c) IA trace at Node B measured over
£200 ps; (d) RF spectrum centered at 4.50 MHz with 1 Hz resolu-
tion. Inset: RF spectrum spanning from 2 to 200 MHz with 10 kHz
resolution.



5322 Vol. 40, No. 22 / November 15 2015 / Optics Letters

broad pedestal. The cavity with a built-in programmable pulse
shaper provides a useful platform to explore the rich phenom-
ena of nonlinear dynamics [16]. To facilitate practical applica-
tions, the cavity design can be simplified by using fiber-optic
polarization controllers and a polarization beam splitter.
Further simplification is possible if the spectral filtering and
extra chirping needed to stabilize mode-locking are known.
In this case, the programmable intracavity pulse shaper (made
of gratings, lenses, and SLM) can be replaced by a customized
chirped mirror with compact size and low loss to introduce the
static spectral modulation.
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