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A stretched-pulse fiber laser with a nonlinear optical loop mirror (NOLM) that produces 100-fs pulses with
1-nJ energy is demonstrated. These results constitute a 30-fold increase in pulse energy over previously
reported femtosecond fiber lasers with a NOLM. Compared with previous stretched-pulse lasers, this laser
offers a cleaner spectrum and improved stability, with comparable pulse duration and energy. Implications
for the construction of truly environmentally stable lasers are discussed. © 2002 Optical Society of America
OCIS codes: 320.7090, 140.3510.

Fiber lasers are an attractive alternative to solid-state
lasers for generation of femtosecond pulses at nearinfrared wavelengths. The greater stability and
compact size of f iber lasers offer the possibility of
widespread application. The primary limitations of
fiber lasers are insuff icient environmental stability
for use outside basic research laboratories and lack
of high pulse energies directly from an oscillator.
Environmental instability arises from uncontrolled
birefringence, and the pulse energy is limited to a
few nanojoules by accumulation of excessive nonlinear
phase shifts. The best performance in fiber lasers
is currently provided by stretched-pulse lasers1,2
with nonlinear polarization evolution for amplitude
modulation (NPE-SPLs): 100-fs-long, 1-nJ pulses
are routinely achievable. The buildup of pulses from
noise and subsequent stabilization requires the use of
a fast saturable absorber (SA), such as nonlinear polarization evolution3 (NPE) or a nonlinear optical loop
mirror4 (NOLM; or, similarly, a nonlinear amplifying
loop mirror).5 The stretched-pulse laser reduces the
effective nonlinearity of the system by stretching
and compressing the pulses within the cavity. This
approach has led to an ⬃30-fold increase in pulse
energy over soliton f iber lasers.
For maximum environmental stability, f iber lasers
can be constructed from polarization-maintaining
(PM) fiber. However, this approach precludes the use
of NPE, which is based on elliptical polarization rotation. NOLM is capable of fast and deep modulation in
a simple scheme and can be constructed from PM fiber.
In f iber lasers, the pulse energy is limited by excessive nonlinearity through two mechanisms: soliton
dynamics and overdriving of the NPE. We recently
proposed the use of nonlinearity management to address the former issue.6 The latter mechanism arises
from the interferometric nature of NPE. A NOLM
operates with nonlinear phase shift accumulated
only in the nonlinear loop, whereas the entire laser
cavity contributes in the case of NPE. Therefore,
overdriving NOLM can be prevented simply through
the use of a shorter nonlinear loop.
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In this Letter we consider the use of a NOLM to
stabilize a stretched-pulse laser. We evaluate the performance of this laser in comparison with a NPE-SPL
in our laboratory. The stretched-pulse technique
is implemented to suppress spectral sidebands7 and
for increased pulse energy. We obtain pulse energy
30 times higher than that of previously reported
soliton f iber lasers with a nonlinear amplifying loop
mirror.8,9 We arrange the total cavity dispersion to
be small and anomalous while maintaining the same
dispersion contrast as in a NPE-SPL. In this way,
instabilities as a result of spectral sideband formation
are avoided, but a much cleaner spectrum is obtained
at the expense of a small decrease in pulse energy.
An environmentally stable version of the laser described here can be constructed from PM fiber.
Numerical simulations of the stretched-pulse laser
with a nonlinear optical loop mirror (NOLM-SPL) were
used to guide the design of the laser. As a first step,
operation of a NOLM itself with the appropriate pulse
energy, chirp, and f iber lengths was verif ied numerically and experimentally. The oscillator as modeled
is composed of four f iber sections. Er-doped f iber is
followed by a section of standard single-mode fiber
(Corning SMF28). The pulses are then split asymmetrically, traverse a dispersion-shifted fiber (DSF) in
the NOLM in opposite directions, and are combined
at the coupler to propagate through a final section
of SMF28. Propagation within each fiber is modeled
with an extended nonlinear Schrödinger equation that
includes the effects of group-velocity dispersion, Kerr
nonlinearity with a Raman contribution, and gain in
the Er-doped fiber. The gain saturates with total energy and has a parabolic frequency dependence with a
bandwidth of 40 nm. These simulations exhibit stable
pulse formation over a reasonable range of parameters.
Implementation of the dispersion map, Kerr nonlinearity, saturating gain, and NOLM action reproduces
the basic features of the experimental observations
described below. However, with the highest powers
and shortest pulses, redshift of the pulses as a result of Raman scattering becomes significant. Thus,
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consideration of the f inite gain bandwidth is crucial.
More-detailed modeling that includes a semiconductor
SA and higher-order effects (such as third-order dispersion, self-steepening, and splice losses) does not inf luence the qualitative results.
Based on the simulations, we constructed the laser
depicted in Fig. 1. The Er-doped f iber, which has
a normal group-velocity dispersion of 75 ps2 兾km, is
93 cm long. It is pumped by a 980-nm diode with
total power of approximately 250 mW. The rest of
the linear loop is composed of SMF28 and a small
amount of Corning Flexcor 1060. The total length of
single-mode fiber is 2.6 m 共b2 苷 223 ps2 兾km兲, and
the Flexcor f iber is 0.5 m 共b2 苷 27 ps2 兾km兲. The
nonlinear loop is made from 3 m of DSF 共b2 ⬃
23.5 ps2 兾km兲. The total dispersion of the cavity
is calculated to be ⬃20.002 ps2 . The repetition rate
is 23 MHz. A polarization-insensitive isolator provides unidirectional operation in the linear loop.
Pulses are extracted from the cavity with a 30%
output coupler. Placing the coupler between the
NOLM and the isolator in the linear loop allows us
to monitor the portion of the pulse that is rejected
by the NOLM. The rejected pulse has lower quality,
typically with a double-peaked spectral shape and
substantial Raman shift in comparison with the
output port. A variable-ratio coupler is used in the
NOLM, which permits fine adjustment of the peak
switching intensity. A polarization controller (PC) in
the NOLM sets the linear bias. An InGaAs SA with a
measured response time of ⬃100 ps and a modulation
depth of 1.9% is placed between the NOLM and the
gain fiber to assist initial pulse formation. Without
the SA, similar pulsed operation is achieved, but
stability is decreased and an external perturbation is
necessary to initiate mode locking. Operation with
the SA alone, without the NOLM, results in pulses in
the picosecond regime.
We obtain mode-locked operation by adjusting the
variable coupler (close to 50:50) for a given intracavity energy and setting the linear phase bias with the
PC. Initiation of pulsing and steady-state operation
corresponds to the same PC setting and pump power.
Long-term stability of the laser is excellent, similar to
that of the NPE-SPL: Mode-locked operation was uninterrupted over several days of continuous operation.
The laser is signif icantly more stable against environmental effects (mechanical perturbations and temperature variations) than the NPE-SPL. The increased
stability is presumably due to the fact that NOLM operation does not depend on polarization directly but is
affected indirectly as changes in birefringence of the
fiber shift the linear bias. Positively chirped pulses
are extracted and are dechirped in 0.8 m of the fiber
coupler.
The benefits of operating at small and anomalous dispersion can be seen by comparison with the
NPE-SPL. Interferometric autocorrelations and the
spectra of the pulses from the two lasers are compared
in Fig. 2. The NOLM-SPL produces pulses with a
clean, smooth spectrum much narrower than that
of the NPE-SPL. Despite the significantly smaller
bandwidth, pulses from the NOLM-SPL are only

slightly longer [125-fs, assuming a sech共t兲 pulse
shape considering the spectral shape] than those of
the NPE-SPL (100-fs, assuming a Gaussian pulse
shape). The undesirable secondary structure in the
autocorrelation trace is noticeably smaller for the
NOLM-SPL. The maximum single-pulse energies are
comparable, 1.0 nJ for the NOLM-SPL and 1.3 nJ for
the NPE-SPL. Long-range (130-ps) autocorrelations
were measured to confirm the correct contrast ratio.
In addition, the pulse train was monitored in the time
domain with a resolution of ⬃1 ns. No evidence of
multiple pulsing or a pedestal was found. Comparison of second-harmonic light generated by the two
lasers in a frequency-doubling crystal, as well as the
autocorrelation signals, provides direct verifications
of the pulse energy of the NOLM-SPL.
Fiber lasers that produce long (0.1–1-ns) noiselike
pulses with broad spectra and autocorrelation signals
with a narrow (femtosecond) structure on top of a
very broad pedestal have been reported.8,10 Unless
careful long-range autocorrelation scans are recorded,
the pedestal may not be noticeable. Long-cavity fiber
lasers with negligible or no dispersion management
tend to operate in this manner when the pulse energy substantially exceeds the fundamental soliton
energy. There are recent reports of nanojoule pulse
energies from long-cavity f iber lasers,11,12 which are
very difficult to understand. Based on numerical
simulations and observations of long-cavity lasers in

Fig. 1. Experimental setup of the stretched-pulsed fiber
laser with a NOLM. DSF, dispersion-shifted fiber; SMFs,
single-mode fibers.

Fig. 2. Comparison of the two lasers: autocorrelation
(AC) trace of (a) the NPE-SPL and (b) the NOLM-SPL and
spectra of (c) the NPE-SPL and (d) the NOLM-SPL.
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Fig. 3. Intensity (solid curves) and phase (dashed curves)
prof iles of the two lasers calculated with a retrieval algorithm: (a) NOLM-SPL and (b) NPE-SPL.

our laboratory, we conclude that these lasers produced
noiselike pulses.
We used a pulse-retrieval algorithm13 to reconstruct
the pulse’s electric field by f itting the measured interferometric autocorrelations with autocorrelations
calculated from the measured spectra and a varying
phase prof ile (Fig. 3). The pulse prof iles have approximately the same FWHM, 95 fs for the NOLM-SPL
and 100 fs for the NPE-SPL. The NOLM-SPL, with
its f latter phase prof ile, utilizes the available bandwidth more eff iciently. The time– bandwidth product
for the NOLM-SPL is 0.32 (0.41) if we assume
95 (125 fs) for the pulse width, compared with 0.75
for the NPE-SPL. The benef its of weaker dispersion
management are not specific to the NOLM-SPL;
a NPE-SPL can be built with slightly anomalous
group-velocity dispersion. However, with a similar
dispersion map, the NPE-SPL produces significantly
lower single-pulse energies.
It is important to understand what limits the pulse
energy in a f iber laser. With the anticipation that
overdriving the NPE is the immediate limitation to
a NPE-SPL, we built a NPE-SPL with additional
output ports for characterization. These experiments
reveal that a large fraction of the pulse (typically more
than 70% and as high as 97%) is coupled out of the
cavity at the NPE rejection port directly after the
gain f iber when the laser operates with high pulse
energies. Thus, only a small fraction of the pulse
energy 共,0.5 nJ兲 circulates in the cavity on the average, which greatly reduces the effective nonlinearity.
The corresponding pulse energy of the NOLM-SPL
reported here is close to 2 nJ after the output coupler.
After accounting for internal losses, we estimate
the average pulse energy inside the NOLM-SPL to
be approximately three times higher than in the
NPE-SPL. This strongly suggests that overdriving
the NPE is indeed the first limitation to the pulse
energy for the NPE-SPL. Further increases of the
energy of the NOLM-SPL produce multiple pulsing.
When the length of DSF in the NOLM is decreased,
mode locking becomes diff icult. Therefore, experimental results are inconclusive as to whether the
NOLM-SPL described here is currently limited by
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overdriving NOLM or the nonlinearity is simply too
high for a single dispersion-managed soliton under
these conditions. Numerical simulations that isolate
the effect of the NOLM suggest that it is the latter.
We conclude that a strongly stretched-pulsed laser is
a route to obtaining higher pulse energies than has
been possible to date, provided that overdriving the
SA is avoided.
In conclusion, we have demonstrated a stretchedpulse laser stabilized by a NOLM that produces 1-nJ
and 100-fs pulses. These are to our knowledge the
highest femtosecond pulse energies obtained by a
fiber laser with a NOLM. Implementation of mild
dispersion management produces a clean spectrum
and close to transform-limited pulses. Although this
constitutes a small trade-off in pulse energy, a clean
spectrum is highly desirable for applications such
as amplification, frequency doubling of the pulses,
and spectroscopic measurements. Higher intracavity
pulse energy has been obtained with the NOLM-SPL
than with the NPE-SPL, indicating that overdriving
the SA (i.e., the NOLM or NPE) is the immediate limitation to higher energies. By demonstrating performance comparable to or slightly exceeding that of the
NPE-SPL, we identify a route to an environmentally
stable, all-PM fiber laser that produces high-energy,
femtosecond pulses in a simple scheme.
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