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Wehave generated optical pulses of 1.2MWpeak power and
0.6 ps duration using a 1060 nm band gain-switched laser
diode pulse oscillator. Optical pulses are amplified by
three-stage ytterbium-doped fiber amplifiers, and remark-
able reductions of amplified spontaneous emission noise
and temporal duration have been accomplished based on
self-phase modulation in the middle-stage amplifier.
After the main amplifier, optical pulses were temporally
compressed by a grating pair, and this enabled generation
of subpicosecond optical pulses with over 1 MW peak
power. © 2016 Optical Society of America
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Developments in compact high-peak-power ultrashort optical
pulse sources are keenly awaited by many applications in multi-
photon bioimaging and high-precision laser processing of
materials. Mode-locked fiber-laser-based high-peak-power light
pulse sources are being developed [1–3], instead of mode-
locked solid-state lasers, mainly in femtosecond temporal
duration domains. On the other hand, we have demonstrated
that a picosecond light pulse source composed of a gain-
switched laser diode (GSLD) and multistage optical fiber
amplifiers (OFAs) are quite useful for two-photon microscopy
(TPM) [4,5]. We generated 5 ps optical pulses having a
peak power of over 10 kW and demonstrated their successful
application in the world’s deepest two-photon microscopy of
living mouse brains [5]. This demonstrated that the TPM per-
formance is not inferior in comparison with using femtosecond
optical pulses [5–7], both in principle and practice. Significant
advantages of GSLD-based optical pulse sources are their
robustness and long-term stability, low-cost potentials, and
flexible yet controllable repetition rates, which make it adapt-
able to various applications. Under the saturated amplification
in a fiber amplifier, we may expect further increase in the peak
power by reducing the repetition rate of the GSLD. However,
when the average power of optical pulses is very small due to
lowered pulse duty cycle and limited optical pulse energy from

a GSLD (for example, 1 pJ or less), the interpulse amplified
spontaneous emission (ASE) noise in OFAs starts to consume
a significant amount of energy from the amplifier chain, leading
to a reduction in efficiency for the optical pulse power ampli-
fication [8]. In this Letter, we describe a novel scheme that can
reduce the ASE noise accumulation in OFAs and also provide
subpicosecond optical pulses having a peak power of over
1 MW by utilizing self-phase modulation (SPM) along with
pulse compression in the final stage.

Figure 1 shows the schematic diagram of an experimental
setup. A strongly driven GSLD at 1 MHz repetition rate
generated 1060 nm band optical pulses. The GSLD was a
laboratory-made distributed feedback LD, having a high-
frequency cutoff at 13 GHz [4]. The pulses were amplified
by a low-power (10 mW saturated output power), single-mode
ytterbium-doped fiber amplifier (YDFA1) and then spectrally
filtered by an optical bandpass filter (BPF1). The BPF has
sharp-edged filtering characteristics with 3 dB bandwidth of
0.5 nm and was used to extract the short wavelength part of
the pulse spectrum. This reduced the pulse width as well as
the ASE noise level in the pulse train. The optical pulses were
further amplified by the second-stage YDFA (YDFA2) in which
spectral broadening was induced due to SPM. The short wave-
length components of the SPM-broadened spectrum were ex-
tracted by another BPF (BPF2) in which the transmission band
was set outside that of BPF1. This scheme can remove the ASE
noise accumulated in YDFA1 and improve the signal-to-noise
ratio in the amplified pulse train, as will be described in the
following paragraphs. The filtered pulses were amplified by a
third-stage YDFA (YDFA3), which contained a single-mode
large-mode-area photonic-crystal (PhC) ytterbium-doped fiber
(NKT Photonics, DC-200/40-PZ-Yb), to a peak power of
hundreds of kilowatts. This high peak power also caused a

Fig. 1. Schematic of an experimental setup in which SPM was
induced in YDFA2 and YDFA3. DFB-LD, distributed feedback laser
diode; YDFA, ytterbium-doped fiber amplifier; BPF, optical bandpass
filter.
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spectral broadening by SPM even with PhC-YDFA. Finally, we
compressed the optical pulse duration by employing a grating
pair. The optical spectra and pulse durations were measured by
an optical spectrum analyzer (Advantest Q8384), having a
resolution bandwidth of 0.01 nm and a second-harmonic-
generation intensity autocorrelator (Oyokoden Femtowave,
model 980), respectively.

The optical spectra and intensity autocorrelation traces
(IATs) of the optical pulses evolved in the amplifier chain
are shown in Fig. 2. The optical pulses emerging from the
GSLD had an average optical power of 1.1 μw. As was inves-
tigated previously [4], the optical spectrum in Fig. 2(a) is due to
a dynamic frequency shift accompanied with rapid carrier den-
sity decrease during pulsed laser oscillation. Therefore, the IAT
in Fig. 2(e) indicates the duration of the frequency red-chirped
optical pulses. Figures 2(b) and 2(f ) correspond to the optical
pulses filtered by BPF1, which have an average optical power of
36 μw containing in-band ASE noise (to be discussed more in
the following) and a temporal pulse duration of 9 ps. Note that
the pulse duration was longer than our previous result (7 ps) [4]
because BPF1 did not extract the short-wavelength-edge spec-
tral component to keep higher optical power. Due to YDFA2,
the optical average power increased to 13.8 mW, and the non-
linear spectral broadening (by SPM) together with the fiber
dispersion caused distortions in the spectral and temporal
shapes, as shown in Figs. 2(c) and 2(g), respectively. By the
spectral extraction procedure using BPF2 on the shorter-
wavelength side [shown in Fig. 2(d)], the optical power was
reduced to 2 mW with a spectrum bandwidth of 0.67 nm
(at −3 dB level). The pulse duration [shown in Fig. 2(h)]
was reduced to 2.9 ps, and the corresponding time–bandwidth
product was 0.54.

The phenomenon of SPM in optical fibers is well known
[9,10]. The temporal reshaping of pulses by utilizing an
SPM-broadened spectrum has been exploited in many applica-
tions, such as the fiber-based data regenerator [11] and
the pulse width compression/reduction method [12,13].
However, the effect of SPM on noise reduction in an amplifier
chain has not been investigated so far, to the best of our knowl-
edge. To estimate the ASE noise ratio for amplified optical
pulse trains, the average optical powers were attenuated to

the same level of that emerging from the GSLD, which
generated no interpulse spontaneous emission noise under
gain-switching operations. Therefore, by comparing the pulse
energies, the noise ratios in the pulse trains were evaluated. To
compare the optical pulse energy, we used a combination of
a photodiode and an oscilloscope. In practice, an InGaAs
photodiode (Thorlabs, DET08CFC, 5 GHz bandwidth) and
a sampling oscilloscope (Agilent, 86100C) were used to mea-
sure the pulse waveforms. Figure 3(a) shows the corresponding
pulse waveforms of the optical pulses shown in Fig. 2. The peak
amplitudes and peak centers were normalized to those of the
pulse waveform generated from the GSLD, which is shown in
the blue dots. Note that although the actual pulse widths were
much shorter and different at each stage, the waveforms had
pulse widths of 100 ps, which were limited by the photodiode
frequency bandwidth. Under the present measurement condi-
tions, the pulse energies were estimated by comparing the am-
plitudes of the optical waveforms with an accuracy of �2%.
The red dots represent the waveform of the optical pulses mea-
sured after BPF1, having a peak amplitude of 0.7, which sug-
gests that the interpulse noise consumed 30% of the output
power. A further amplification by YDFA2 increased the noise
ratio to 35%, as indicated by the green dots. On the other
hand, the black dots represent the pulse waveform measured
after BPF2 that filtered the SPM-broadened spectrum on
the shorter wavelength side. The waveform indicates that
the noise ratio was drastically reduced to 5%. The reduction
of the noise level in the pulse train was caused by the removal
of ASE noise originating in YDFA1. The interpulse ASE noise
(BPF1 bandwidth limited already) does not experience SPM
induced by the optical pulses and thus does not have a spectral
component outside the BPF1 bandwidth. Note that YDFA2
still introduced spontaneous emission noise with magnitudes
proportional to the amplifier gain [14]. This noise level
was consequentially much smaller than that originated in
YDFA1 because the ASE noise of YDFA1 was further amplified
by an additional YDFA stage (YDFA2).

Fig. 2. (a)–(d) Spectra and (e)–(h) intensity autocorrelation traces
of the optical pulses emerging at the DFB-LD, BPF1, YDFA2, and
BPF2, respectively.

Fig. 3. (a) Waveforms of optical pulses evolved in the amplifier
chain at DFB-LD (blue), BPF1 (red), YDFA2 (green), and BPF2
(black). (b) Two waveforms of optical pulses after the final-stage
YDFA at 70 mW (green) and 700 mW (red) average power shown
in a magnified scale. The optical pulses were attenuated to the same
average power and were measured by a 5 GHz photodiode and a high-
speed oscilloscope. In the waveforms, the peak amplitudes are normal-
ized to those emerging at the DFB-LD, and their peak centers are also
aligned for ease of comparison.
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The low-noise and nearly time–bandwidth-limited optical
pulses were further amplified by YDFA3 to an average power
of 2 W. The amplified optical pulses contained ASE noise at
1030 nm band and wide spectral components again induced by
SPM, as shown by the blue line in Fig. 4(a). The 1030 nm band
ASE noise accounted for 20% of the average output power, as
estimated by the spectrum data. Due to the lack of a very
broadband optical filter to extract the wide spectral components
at 2 W average power, the noise ratios in the pulse train were
evaluated at lower amplified average power levels of 70 and
700 mW and the pulse spectra were extracted by a BPF
(3 dB bandwidth: 22 nm), as indicated by the green and
red lines in Fig. 4(a), respectively. The corresponding noise
measurement shown in Fig. 3(b) indicates that the noise ratios
were around 7% for both 70 and 700 mW amplified optical
pulses. The noise ratios were slightly increased due to the ad-
dition of ASE noise in YDFA3 and the increases were almost
independent of the amplified power levels of YDFA3. The
pulse duration was broadened to 4.5 ps due to the chromatic

dispersions in YDFA3, as shown in Fig. 4(b). This corresponds
to the pulse peak power of 330 kW. Since intense picosecond
optical pulses through a single-mode fiber can cause linear chirp
over most of the period of the pulse [15], further increase of
peak power is possible by optical pulse compression employing
a grating pair shown in Fig. 4(c). A pair of parallel reflective
1 μm blaze gratings (Thorlabs, 300 grooves/mm) was placed
with 30 cm separation, and the input beam was incident at
the angle of 15° to the normal of the gratings. This caused
a group delay dispersion of −0.058 ps2 in a single pass [16].
A mirror was placed to direct the beam with slight vertical offset
through a second pass of the grating pair to remove the spatial
dispersion. The beam was then picked up by mirrors for meas-
uring the power, spectrum, and pulse width. Figure 4(d) shows
the IAT for the compressed pulse having a pulse width of 0.6 ps
with average power of 1.0 W. The black line in Fig. 4(a) rep-
resents the spectrum of the compressed pulses, which has sim-
ilar shape to that of the uncompressed pulses. By excluding the
1030 nm band and the interpulse ASE noises, the peak power
of the compressed pulses was estimated to reach 1.2 MW.

It is to be noted that without the spectral extraction by BPF2
at the input of YDFA3, we have confirmed the optical pulse
spectrum after YDFA3 was less broadened; this suggests a lesser
amplified optical peak power. This is due to the power loss to
the interpulse ASE noise components and the longer pulse du-
ration. The removal of in-band ASE noise by utilizing SPM has
two merits. First, it reshapes the input temporal pulse shape by
reducing the chirp in the pulse. This leads to a reduction of
pulse duration to 2.9 ps, and such a pulse is not possible by
a GSLD itself. Second, it simplifies the optical pulse amplifi-
cation, starting from a low-duty-cycle, low-pulse-energy optical
pulse oscillator. Conventional time-domain optical gating
methods require a high-repetition-rate optical oscillator to sat-
urate following low-noise OFAs and subsequent pulse pickers
to reduce the repetition rate as well as ASE noise in the
amplifier chain. In contrast, the present method enables the
ASE noise to be removed directly in the optical frequency do-
main by a BPF, and thus it removes the need for a complex
pulse synchronization system. Moreover, the complete removal
of ASE noise accumulated in prior OFAs (YDFA1 in this case)
is not possible by the time-domain optical gating methods.
Therefore, the present method also enables optical pulse am-
plification directly at lower repetition rate and can relax the
necessity of using a low-noise OFA (usually accompanied with
a low gain) for first-stage amplification. Finally, it is worth not-
ing that although the utilization of SPM in optical fibers is sen-
sitive to environmental stresses and pulse-to-pulse variations,
the compressed optical pulses remained stable throughout a
few hours of the experiment period. This may be attributed
to the reduced thermal effect at the lowered repetition rate
and the stable optical pulse generation by the GSLD. The
present result indicates that a proper temperature control of
the entire system in a compact housing will enable stable
operation for an extended period.

In conclusion, we have accomplished the generation of
1.2 MW peak-power subpicosecond optical pulses starting
from weak 9 ps optical pulses generated from a 1060 nm band
GSLD. With a superior optical gating method employing SPM
in the middle-stage YDFA, both the accumulated ASE noise
and the frequency chirp in the amplified pulse train were re-
duced. This enabled an efficient pulse peak-power scaling to

Fig. 4. (a) Spectra of optical pulses amplified by the final-stage
YDFA. The blue line is at 2 W average power level containing an
ASE peak around 1030 nm wavelength. The green and red lines
are spectra with ASE noise removed by a BPF at 70 mW and
700 mW average power levels, respectively. The black line represents
the spectrum of the compressed pulse shown in (d). Note that all the
spectra were obtained after attenuating their average powers to
∼100 μw in order to avoid nonlinear effects generated in the measure-
ment setup. (b) Intensity autocorrelation trace of optical pulses at 2 W
average power level. (c) Schematic of a grating-pair-based optical pulse
compressor. G, reflective grating; M, mirror; PUM, pickup mirror; BS,
beam splitter; L, collimation lens. (d) Intensity autocorrelation trace of
optical pulses after passing through the optical pulse compressor
shown in (c).
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over 1 MW after the main YDFA in combination with a gra-
ting-pair optical pulse compressor. This simple light source
scheme could find practical applications in the fields of ultrafast
laser spectroscopy and high-precision material processing.
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