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Abstract: We demonstrate a robust 10-Hz, 1064-nm, all polarization-maintaining (PM) fiber
laser front-end for a joule-level solid-state amplification system applying ultrafast optical pulse
chopping. A 1064-nm single frequency continuous wave (CW) laser is chopped by an in-line
acousto-optic modulator (AOM) to generate ∼7 ns duration pulses at 500-kHz repetition rate,
followed by a Sagnac loop (SL) consisting of a 50:50 PM fiber coupler and an electro–optical
(EO) phase modulator, which further shortens the pulse duration from 7 ns to 636 ps via a
passively fixed optical chopping gate. Finally, the pulse energy is amplified to the sub-µJ level
and its repetition rate is further reduced to 10-Hz by another in-line AOM stage. This 10-Hz,
636-ps, sub-µJ level fiber laser realized in an all-PM-fiber configuration can be used as a robust
front-end for joule-level solid-state amplification and follow-on nonlinear frequency conversion
experiments.
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1. Introduction

Rapid improvements in fiber technology over the last decades make highly stable, compact,
inexpensive fiber laser systems the most often used laser sources for various applications. Fiber
front-end lasers with up to ns-level pulse duration and down to Hz-level repetition rate are
attractive in building high pulse energy lasers based on chirped pulse amplification [1–10].
However, fiber front-end system has its own challenges. The combination of a semiconductor
saturable absorber mirror (SESAM) and km-scale optical fibers enable the construction of
passively mode-locked fiber lasers with kHz-range repetition rate and ns-level pulse duration
[11–13]. A further reduction in repetition rate cannot be achieved directly based on this approach
limited by its high environmental sensitivity. A combination of MHz-level repetition rate
fiber lasers and fiber coupled AOMs can generate low repetition rate pulses [17]. However,
mode-locked fiber lasers are inefficient in seeding narrow-bandwidth solid-state amplifiers, such
as cryogenic Yb:YAG amplifiers [18]. Narrow-band Q-switched solid-state lasers suffer from
large pulse energy fluctuations and beam pointing fluctuations, which limits its applications
in high pulse energy amplifiers [19]. Fortunately, ultrafast optical pulse chopping provides a
way in generating low repetition rate pulses directly from single-frequency lasers for solid-state
amplifiers with narrow gain bandwidth [20]. Utilizing this technique, signal pulses with down to

#445136 https://doi.org/10.1364/OE.445136
Journal © 2021 Received 8 Oct 2021; revised 19 Nov 2021; accepted 26 Nov 2021; published 15 Dec 2021

https://orcid.org/0000-0001-8829-5461
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.445136&amp;domain=pdf&amp;date_stamp=2021-12-15


Research Article Vol. 29, No. 26 / 20 Dec 2021 / Optics Express 43853

ps-level pulse duration can be generated without complicated optical design [14–16]. Therefore,
a Hz-level repetition-rate front-end laser generating sub-ns, sub-µJ pulses in an all-PM-fiber
configuration based on ultrafast optical pulse chopping can be an ideal front-end laser for high
pulse energy solid-state amplifiers.

Ultrafast optical pulse chopping can be used for building a highly stable all-fiber front-end
laser with ultra-low repetition rate down to Hz level and ps-scale pulse duration. The fiber
front-end can be used to seed high power solid-state amplifiers avoiding temporal long-term drift
and beam pointing fluctuations [20–23]. However, the corresponding experimental realization
remains to be difficult considering the following effects: (i) amplified spontaneous emission
(ASE) [24,25]; (ii) stimulated Brilliouin scattering (SBS) [26,27] and (iii) limitations in the rise
time of commercial AOM stages. The ASE can be suppressed by optical-gating with the AOM
stage and spectral filtering, while the SBS can be managed by controlling optical parameters of
the fiber amplifiers. However, the ns-level rise time of commercial fiber-coupled AOMs limits
the possibilities in directly generating ps-level pulses via optical pulse chopping. Therefore,
there are urgent requirements for investigating a new ultrafast optical pulse chopping method for
generating ps-level pulses.

In this paper, we investigate an ultrafast optical pulse chopping method by utilizing a
combination of a GHz-level bandwidth EO phase modulator and an all-PM-fiber Sagnac Loop
[28,29]. This optical pulse chopper can build a passively fixed temporal gate generating stable
ps-scale pulses with >20 dB contrast ratio. Specifically, a 10-Hz repetition rate, 1064-nm, all-PM-
fiber front-end laser with 636-ps pulse duration and 360-nJ pulse energy is built as a seeder for a
2-J Nd:YAG laser amplifier. In section 2, we introduce the schematic layout and experimental
results of this ps-scale optical pulse chopper. In section 3, we describe the construction and
experimental results of the complete 10-Hz, 636-ps, 360-nJ, 1064-nm, all-PM-fiber front-end
laser system. Conclusions are discussed in section 4.

2. Picosecond-duration optical pulse chopper with passively fixed temporal
gate

Optical pulse choppers built with AOMs have nanosecond-level rise times. Therefore, AOMs
have restrictions in realizing picosecond-duration optical pulses. Previous designs consisted
of long non-polarization maintaining fiber forming a Sagnac loop and an EO phase modulator
in/outside the loop [30–32]. These designs show instabilities when compared with the all-PM-
fiber construction and work mostly for high-repetition-rate applications. Nevertheless, there is
still a lack of robust and easy to implement low repetition rate, ps-duration, all-PM-fiber front-end
lasers applying the ultrafast optical pulse chopping. Here, we demonstrate for the first time to
our knowledge, an all-PM-fiber, optical pulse chopper with ps-duration rise and fall times and
passively fixed temporal gate, which can generate flat-top optical pulses. It is a combination of a
PM fiber EO phase modulator and the 2×2, 50:50 PM fiber coupler.

Figure 1 shows the schematic design of the ps-duration ultrafast optical pulse chopper. The
EO phase modulator with PM pigtails is spliced asymmetrically with the 50:50 PM fiber coupler
to introduce a π phase difference to counter-propagating beams by the EO phase modulator and
to ensure generation of a temporal gate at the transmission port of the 50:50 coupler. The optical
path difference of these two counter-propagating beams inside the all-PM fiber SL determines
the temporal width of the optical chopping gate.

The SL can be modelled as a Mach-Zehnder interferometer (MZI) for further analysis as shown
in Fig. 2(a). Input and output beam splitters of the MZI correspond to the 50:50 coupler in the
SL shown in Fig. 1. The phase of the clock-wise and counter clock-wise propagating beams can
be visualized as φCW and φCCW . These two EO phase modulators correspond to the single EO
phase modulator inside the asymmetric SL. There is a π phase bias added to counter-propagating
beams at T0 right after coupling the modulated RF signal into the EO phase modulator. The
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Fig. 1. Schematic design of the picoseconds-level ultrafast optical pulse chopper. CCW:
counter clock-wise, CW: clock-wise.

orange area in Fig. 2(a) illustrates the rise time area of the EO phase modulator. Therefore,
the temporal range gathering the π phase bias for φCW and φCCW is caused by the asymmetric
location of the EO phase modulator inside the SL. Therefore, a temporal gate ∆T can be generated
at the transmission port (the output port illustrated in Fig. 2). The width of the temporal gate
can be calculated applying Eq. (1)–(3), where τT = n|Lright − Lleft |/c is the temporal window
determined by the pigtails length difference, n is the refractive index of fiber, c is the speed of
light, |Lleft − Lright | is the corresponding pigtails length difference of the EO phase modulator,
and τR is the rise time of the EO phase modulator.⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

∆T = τT − τR +
2τR
2
= τT, τT ≥ τR

∆T = τR − τT +
2τT
2
= τR, 0<τT<τR

∆T = 0, τT = 0

(1)

(2)

(3)

Fig. 2. Temporal illustration (a) and simulation results (b) of the SL pulse chopper.
CCW: counter clock-wise, CW: clock-wise, BS: beam splitter, EOPM: eletro-optical phase
modulator.

Figure 2(b) shows numerical simulation results by inputting a 10-ns pulse into this optical
pulse chopper. There is the π phase bias for counter-propagating beams generating a picosecond-
duration pulset the transmission port of the SL. The 100-ps rise time of the EO phase modulator
shown in the picture in the middle of Fig. 2(b) determines the front-edge of the output pulse as
shown in the picture at the bottom of Fig. 2(b). Therefore, it is clear that a flat-top pulse with
picosecond pulse duration can be generated applying this method. The pulse duration is limited
by the rise time of the EO phase modulator.
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Experiments were performed to prove the simulation results by inputting a flat top optical
pulse with ∼7 ns pulse duration into this optical pulse chopper. The length difference between
these two pigtails was set to be ∼12 cm aiming to achieve chopped pulses with ∼600 ps pulse
duration. The black curve in Fig. 3 shows the ultrafast chopping results. The pulse duration was
shortened to ∼636 ps. The coupling ratio of the 50:50 optical coupler is 49.94242:50.05758
indicating the signal to noise ratio is >40 dB. An ultrafast rise time module DG645 (Stanford
Research Systems, SRS) was used to provide the driving RF signal with ∼100 ps rise time for
the EO phase modulator (EOSPACE). The bandwidth of the EO phase modulator is 10 GHz
corresponding to ∼10 ps rise time, which is about 10% of the EO response time. Therefore, the
final rise time of the optical pulse chopping process is limited by the RF signal with a longer rise
time. Obviously, the pulse width of the chopped pulse can be tuned by changing the fiber length
difference |Lleft − Lright |, when τT ≥ τR. Further shorter pulses with >100-ps pulse duration can
be simply generated by shortening the fiber length difference. Chopped pulses with <100-ps
pulse duration can also be generated applying a RF driving signal with <100-ps rise time, when
0<τT<τR.

Fig. 3. 636-ps pulse profile chopped by the SL from a 7-ns signal pulse. The asymmetric
profile is caused by the transfer function of the photo detector.

3. 10-Hz, 636-ps, 360-nJ, 1064-nm, all PM fiber front-end

Figure 4 shows the schematic layout of the 10-Hz, 636-ps, 360-nJ, 1064-nm, all-PM-fiber
front-end using the ultrafast optical pulse chopper as the key module to generate ps-duration
pulses. This system consists of two AOM stages and an ultrafast optical pulse chopping stage.
Cascaded PM fiber amplifiers are employed before the chopping stages to pre-compensate their
insertion loss. The seed source of the system is a single frequency 1064-nm CW laser with
2-MHz bandwidth and 40-mW maximum output power. The 1064-nm CW laser is amplified
to 300 mW by two cascaded PM fiber amplifiers that consist of a polarization maintaining
wavelength division multiplexer (PMWDM), a PM fiber isolator and 0.5-m ytterbium doped gain
fiber (YB 401-PM). The first AOM with <3 dB item insertion loss (Gooch&Housego) creates a
pulse train with 500 kHz repetition rate for the next chopping stage. The pulse duration of the
pulses is ∼7 ns. This <10-ns pulse width was chosen to avoid potential SBS effects in subsequent
fiber amplifiers considering the 100-MHz intrinsic gain bandwidth of the Brillouin gain of the
fused silica. The average output power of the 500-kHz laser is ∼1.5 mW. We used a 1064-nm
bandpass filter with 2-nm bandwidth inserted between these two cascaded PM fiber amplifiers to
suppress the ASE.
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Fig. 4. Schematic layout of the 10-Hz, 636-ps, 360-nJ, 1064-nm, all PM fiber laser front-end.

The 500-kHz pulse train is further amplified to 95 mW just below the 100-mW optical damage
threshold of the EO phase modulator installed into the SL. The length difference between these
two PM pigtails of the EO phase modulator is cut to ∼12 cm. Therefore, the optical chopping
gate of the ultrafast optical pulse chopper is set to ∼600 ps and carefully located within the
central area of the 7-ns input pulse by moderating the delay of the RF modulation signal from the
DG645. The pulse width of the chopped signal pulse is decreased from 7 ns to 636 ps by this
ultrafast optical pulse chopper. Because the rise time of the EO phase modulator is ∼100 ps, the
chopped pulse width can be shorter via decreasing the fiber length difference. The average power
of the output signal laser after the SL stage is ∼1.5 mW. There is one more 1064-nm bandpass
filter spliced after the 5th PM fiber amplifier to supress the ASE generated during the signal
amplification. The gain fiber length of the 7th PM fiber amplifier is set to be 75 cm. It is 1.5 times
longer than the gain fiber (Yb 401-PM) length utilized in front PM fiber amplifiers. Therefore,
the residual generated 1030-nm ASE can be absorbed by this 75-cm highly-doped gain fiber.

The second AOM reduced the repetition rate from 500 kHz to 10 Hz and also contributed to a
reduction of ASE in improving the signal to noise ratio. The final output pulse energy of the
10-Hz laser can be amplified up to ∼1 µJ by adding an additional 8th PM fiber amplifier before
the second AOM stage, taking into account the 1-W average power damage threshold of the AOM
crystal. However, we keep the output pulse energy to be ∼360 nJ, which is sufficient to seed the
follow on high pulse energy solid-state amplifiers.

Figure 5 shows the spectra of the single frequency, 1064.25-nm seeder (black curve) and the
10-Hz, output pulse (red curve, 0.08-nm spectral bandwidth) in linear scale. The measured
spectra are limited by the resolution of the spectrum analyzer (Ando, AQ-6315A), which is about
0.05 nm. The linewidth of the single frequency seeder is 2 MHz. The central wavelength of
the single frequency laser can be tuned from ∼1064.15 nm to ∼1064.35 nm by modifying the
working temperature and current of the laser diode. The temperature coefficient for wavelength
tuning is 0.06 nm/K. The current coefficient is 0.003 nm/mA.

Stability characteristics of the resulting 10-Hz front-end laser were also measured and are
demonstrated in Fig. 6. The wavelength stability of the 1064-nm seed laser driven by CLD1015
(Thorlabs) is shown in Fig. 6(a) measured at 10 °C working temperature. The central wavelength
of the 1064-nm seed laser stays the same after 10 minutes warming up time. Figure 6(b) shows
the output power stability of the 1064-nm seed laser. Figure 6(c) shows the standard deviation
of the 10-Hz output pulses, which is 1.13 nJ for 103 nJ output pulse energy. The inset shows
the perfect near-field beam profile of the all-PM-fiber front-end laser. Figure 6(d) shows the
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Fig. 5. Spectra of the 1064-nm CW seeder (black curve) and the output 10-Hz laser (red
curve) in linear scale.

measured repetition rate fluctuation of the output laser using the internal clock of the DG645 as a
reference. The average fluctuation was <1 mHz based on a 2-hour measurement.

Fig. 6. (a) the wavelength stability of the 1064-nm seeder; (b) the output power stability
of the 1064-nm seeder; (c) the output pulse energy stability of the system; (d) the output
repetition rate fluctuation at 500 kHz after locking the counter with the internal reference
clock of the DG645.

4. Conclusion

We have demonstrated a 10-Hz, 360-nJ, 636-ps, 1064-nm all-PM-fiber front-end for seeding of
2-J solid state amplification system. The ultra-low repetition rate of the front-end laser controlled
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by the AOM is tunable and the pulse energy of the final output can be scaled up to 1 µJ depending
on applications. An ultrafast all-PM-fiber optical pulse chopper consisted of a PM fiber EO phase
modulator and a 50:50 PM fiber coupler used in the construction of a Sagnac loop achieves optical
pulses with ps-level pulse duration. There is one AOM chopping stage generating 500-kHz, 7-ns
pulses to avoid the potential influence of SBS effects in subsequent fiber amplifiers. There is
another AOM stage used to tune the repetition rate of the output laser from 500-kHz to hertz-level
or even lower repetition rate and remove the residual ASE generated from the last three fiber
amplifiers. The 1064-nm bandpass filter with 2-nm bandwidth and 75-cm highly doped gain fiber
of the 7th PM fiber amplifier are also used to inhibit the ASE generated during the amplification
process.

This ultrafast all-PM-fiber optical pulse chopper provides a robust, inexpensive, and sufficient
way in generating ultrashort pulses with passively fixed ps-level pulse duration and sub-µJ level
pulse energy to seed joule-class solid-state amplifiers.
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