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1. INTRODUCTION

In spite of their high efficiency and insensitivity to
alignment problems in comparison with solid-state
lasers, mode-locked fiber lasers are discarded for some
applications due to their limitations in pulse energy and
thus in peak power, which result from the intrinsic fiber
nonlinearity. In anomalous-dispersion femtosecond
soliton fiber lasers [1], pulse formation results from a
balance between Kerr nonlinearity and anomalous dis-
persion. The maximal pulse energy obtainable with these
sources is ~0.1 nJ, as for high peak power pulse breaking
occurs. In stretched-pulse fiber lasers, segments having
opposite dispersion signs alternate to induce large peri-
odic variations of pulse duration (pulse breathing) [2].
This procedure reduces the effective peak power in the
cavity, and the maximal pulse energy is increased to a
few nanojoules [3]. In the frame of stretched-pulse
lasers, the benefits of the figure-eight (F8) laser over the
ring configuration was demonstrated [4].

The highest pulse energies were obtained however
with lasers operating in the large normal dispersion
regime, although dechirping is required outside the
laser [5]. In this regime, nonlinear phase shift and dis-
persion do not compensate each other but instead add
up to induce a strong linear chirp on the pulse, some-
times called 

 

self-similar pulse

 

 [6–8]. Self-similar evo-
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lution induces a monotonous pulse widening, so that it
must be balanced to ensure steady-state operation in a
laser. This is made possible through the use of a band-
pass filter, which stabilizes the pulse evolution by
removing the frequency-shifted edges at each cycle [9].
Additional amplitude modulation is also provided by
an effective saturable absorber (SA). The emerging
pulses have durations in the ps range and a strong linear
chirp. After dechirping is performed outside the laser
through the use of the appropriate amount of anoma-
lous dispersion, high-energy, high-peak-power, nearly
transform-limited pulses with ~100 fs duration are
obtained. Pulse energies above 10 nJ and peak powers
close to ~100 kW were obtained in this regime [10].
Finally, another, non-self-similar regime was experi-
mentally observed for large positive net dispersion,
which also produces large pulse energies beyond 10 nJ
[10, 11].

In these works, the passively mode-locked laser
architectures were ring cavities, exploiting nonlinear
polarization rotation (NPR) in the ring with a polarizer
as the effective SA mechanism. Also, most of these
lasers use Ytterbium-doped fiber as the amplifying
medium, and thus emit at 1 

 

µ

 

m. As standard fiber
exhibits at this wavelength normal dispersion only, and
because dispersion compensation is still needed in most
schemes, an anomalous dispersion segment is included,
which usually takes the form of a bulk grating pair, so
that the resulting setup is not all-fiber and loses the ben-
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—In this paper we show numerically that high-energy pulses can be obtained with a figure-eight
Erbium-doped fiber laser with large normal net dispersion, and in which an anomalous-dispersion Nonlinear
Optical Loop Mirror (NOLM) is used as the effective saturable absorber. One advantage of this configuration
over the ring cavity is the possibility to adjust the length of the NOLM loop to avoid overdriving the saturable
absorber. The ring section of the laser includes a bandpass filter to balance the combined effects of Kerr non-
linearity and normal dispersion. Strict polarization control is performed in the NOLM as well as in the ring sec-
tion of the laser. The NOLM is a power-symmetric scheme whose switching relies on nonlinear polarization
rotation. This architecture allows a precise control of the low-power NOLM transmission through the orienta-
tion of a quarter-wave retarder, whose adjustment is shown to be critical for stable pulsed operation. Pulse for-
mation appears to depend critically on the filter width. If it is wide enough, 

 

ps

 

 pulses with a large positive linear
chirp are produced. After dechirping outside the laser, nearly transform-limited pulses with durations down to
240 fs, energies up to 10 nJ and peak powers beyond 40 kW are predicted.
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efits of the waveguide medium. An all-normal-disper-
sion scheme was demonstrated experimentally, how-
ever the reported pulse energies of a few nanojoules did
not exceed the performances of stretched-pulse fiber
lasers [9].

In the present work we realize a numerical study of
a F8 Erbium-doped fiber (EDF) laser designed to oper-
ate in the normal net dispersion regime. Considering
the current availability of highly-doped broadband
EDF, a doped fiber not longer than 5 m is considered.
The doped fiber also provides the normal dispersion at
1550 nm. The SA action is due to a fiber Nonlinear
Optical Loop Mirror (NOLM) [12]. One advantage of
the F8 configuration over the ring cavity is that only the
nonlinear phase shift in the NOLM loop (and not in the
entire cavity) contributes to the SA action. Considering
the interferometric nature of both NPR and NOLM
(with a transmission that eventually decays at powers
beyond the maximum), overdriving of the SA, which is
one main cause of pulse energy limitation [4], can be
avoided in the case of the NOLM simply by reducing its
length. As standard fiber (presenting anomalous disper-
sion at 1550 nm) is used for the NOLM loop, it also
ensures dispersion compensation. A bandpass filter is
used in order to balance the pulse broadening associ-
ated with self-similar evolution.

2. MODEL

The F8 laser scheme under study is shown in Fig. 1.
The NOLM is a power-symmetric structure whose
operation relies on NPR instead of self-phase modula-
tion (SPM) [13]. It consists of a symmetrical coupler, a
piece of circularly birefringent fiber, and a quarter-
wave retarder (QWR

 

N

 

) located asymmetrically in the
loop. Due to the QWR

 

N

 

, the counter-propagating
beams have different polarizations and accumulate dif-
ferent amounts of NPR, which allows switching. In

practice, to prevent the nonlinear polarization evolution
from averaging out for each beam during propagation,
twist is applied to the fiber, which then becomes opti-
cally active and behaves like an ideal isotropic fiber
[14]. The fiber inside the loop has a length 

 

L

 

N

 

, an anom-
alous dispersion 

 

D

 

N

 

(

 

β

 

2

 

N

 

) and a nonlinear coefficient 

 

γ

 

.
The input polarization to the NOLM is circular, say
right, and the orthogonal (left) circular polarization is
selected at its output, through the use of a QWR and a
polarizer. The combination NOLM + QWR + polarizer
presents a sinusoidal nonlinear transfer characteristic,
whose minimum and maximum values are 0 and 0.5,
respectively, and whose low-power transmission can be
adjusted precisely through the QWR

 

N

 

 orientation [15,
16]. Through the use of another QWR after the polar-
izer, polarization is made circular right. This polariza-
tion state is then maintained throughout the ring to the
NOLM input. This can be realized in practice by twist-
ing the ring section of the laser as well. The ring
includes a Gaussian bandpass filter with full width at
half maximum (FWHM) width 

 

∆λ

 

, and a length 

 

L

 

A

 

 of
EDF with appropriate low-signal gain and saturation
energy, a normal dispersion 

 

D

 

A

 

(

 

β

 

2

 

A

 

) and nonlinear
coefficient 

 

γ

 

. The net cavity dispersion is normal:

 

L

 

N

 

D

 

N

 

 + 

 

L

 

A

 

D

 

A

 

 < 0. An optical isolator and an output
coupler introducing a loss 

 

L

 

 [coupling ratio = 1/

 

L

 

:(1 –
1/

 

L

 

)] complete the ring.

Numerical simulations were performed to investi-
gate the laser operation. Propagation in the NOLM and
in the EDF was modeled using extended nonlinear
Schrödinger equations, which were integrated using the
Split-Step Fourier (SSF) method. In the NOLM, the
clockwise (CW) beam is circularly polarized whereas
the counter-clockwise (CCW) beam is linearly polar-
ized after the QWR

 

N

 

. This imposes the use of a set of
two coupled nonlinear equations to describe propaga-
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 Scheme of the laser under study.
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tion in the NOLM. In the circular polarization basis
[

 

C

 

+

 

, 

 

C

 

–

 

], these equations write as

(1)

Right-hand sides of Eq. (1) include dispersive and Kerr
nonlinear terms. The twist-induced group-velocity mis-
match between circular polarization components, as
well as higher-order effects like the Raman self-fre-
quency shift and third-order dispersion were not
accounted for, a valid approximation in the normal-dis-
persion regime, where pulses having durations of sev-
eral ps are formed. Propagation in the EDF can be mod-
eled using a single equation, as only one circular polar-
ization component circulates in the ring. This equation
writes as

(2)

In addition to dispersive and nonlinear terms, Eq. (2)
includes the gain term, where coefficient 

 

g

 

 is the gain
per unit length. Here 

 

g

 

 is assumed to be constant across
the EDF, and saturates on the pulse energy 

 

E

 

p

 

 as

(3)

where 

 

g

 

0

 

 is the small-signal gain and 

 

E

 

sat

 

 is the satura-
tion energy. The spectral dependence of gain is
neglected, as its bandwidth is assumed to be larger than
the filter bandwidth 

 

∆λ

 

.
For various sets of laser parameters (dispersion

map, NOLM length, QWR

 

N

 

 orientation, gain saturation
energy, output coupler loss, and filter bandwidth), we
investigated the conditions for stable pulse formation.
In each case, a small-amplitude initial noise is propa-
gated over several cycles, and we observe whether a
steady-state can be reached or not after a finite number
of integration cycles.

3. RESULTS AND DISCUSSION

Our analysis showed that the obtained results
depend critically on the filter bandwidth 

 

∆λ

 

. The high-
est pulse energy and peak power after recompression
outside the laser is obtained for 

 

∆λ

 

 = 8.3 nm. The EDF
has a length 

 

L

 

A

 

 = 5 m, a dispersion 

 

D

 

A

 

 = –40 ps/nm/km,
and the NOLM is characterized by 

 

L

 

N

 

 = 4 m and 

 

D

 

N

 

 =
20 ps/nm/km, yielding a net dispersion 

 

L

 

N

 

D

 

N

 

 + 

 

L

 

A

 

D

 

A

 

 =
–0.12 ps/nm. For both the NOLM loop and the EDF the
nonlinear coefficient 

 

γ

 

 = 1.5 W

 

–1

 

 km

 

–1

 

. The QWR

 

N

 

 is
adjusted to ensure a NOLM transfer characteristic that
presents an initial growth from a low-power value of
~0.1. The EDF had a small-signal gain of 5000 (
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1000/m) and a saturation energy Esat = 0.2 nJ. The out-
put coupler loss = 5 (coupling ratio = 20:80), meaning
that only 20% of the input light is re-injected in the
NOLM. In spite of this, and of the short NOLM length,
a relatively large fraction of the pulse energy is
switched to the NOLM output in regime (32%, to be
compared with the 50% maximal transmission). In con-
trast, the bandpass filter cuts off at each pass ~75% of
the pulse energy from its spectral and temporal wings.
This shows the importance of the filter action in the
pulse shaping process.

Figures 2a–2c show the evolution of the pulse dura-
tion and of the time-bandwidth product in the cavity in
regime. The time-bandwidth product of the transform
limited pulse having the same power profile as the
actual pulse is also shown for comparison [dotted curve
in Fig. 2c]. Pulse parameters present broad variations in
the cavity, reaching one minimum and one maximum in
each cycle. This clearly distinguishes this regime from
the stretched-pulse operation, where two maxima and
two minima are found every round-trip. Inside the
NOLM, each parameter splits into two curves, corre-
sponding to the CW and CCW beams. Each pulse nar-
rows as it propagates in the anomalous-dispersion loop,
and the recombination of the counter-propagating
beams at the NOLM output also yields substantial com-
pression [thick dot in Figs. 2b–2c]. However the large
positive chirp of the pulse does not cancel out or gets
negative in the NOLM, due to the large normal net dis-
persion. This, together with the large loss of the output
coupler, ensures that the pulse peak power remains suf-
ficiently low in the NOLM loop to avoid pulse break-
ing. After the filter however, both pulse duration and
spectral width are reduced in such a way that the result-
ing pulse is nearly transform-limited [thick dot in
Figs. 2b–2c]. After the filter, the pulse gets widened and
positively chirped again in the EDF.

At the laser output, the pulse has an energy of
10.5 nJ, and a strong positive linear chirp [Fig. 2d].
After dechirping through an anomalous dispersion of
0.136 ps/nm outside the laser, 14-fold pulse compres-
sion yields transform-limited pulses with 240 fs
FWHM duration and ~43 kW peak power. The approx-
imately parabolic temporal profile of the output pulse,
together with the nearly linear chirp, are signatures of
the self-similar operation [5], as well as the optical
spectrum with approximately parabolic top and steep
edges [Fig. 2e]. Note finally that the output pulse spec-
trum is much wider than the filter bandwidth, confirm-
ing the strong filtering effect that is at play in the laser.

We investigated the dependence of the laser opera-
tion on the optical bandwidth. For ∆λ ≤ 5 nm, no stable
operation is observed, as the spectral narrowing action
of the filter becomes too strong and no longer allows
pulses to develop. On the other hand, for larger band-
width values, stable solutions can be found. Figure 3
shows an example for ∆λ = 16.6 nm. Parameters are the
same as Fig. 2, except that low-power NOLM transmis-
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sion = 0.025 and Esat = 0.1 nJ. In this case, although the
role of the filter remains essential, its effect on the spec-
tral shape is less drastic than in the case of Fig. 2, and
only ~35% of the pulse energy is filtered out at each
pass [see also Fig. 3e]. Although substantial pulse com-
pression occurs both at the NOLM output and through
the filter [thick dots in Figs. 3b–3c], the pulse at the fil-
ter output is now far from transform-limited. The out-
put pulse energy however (6.4 nJ) is smaller than in the
case of Fig. 2. In this case, only a small fraction not
higher than 10% of the pulse energy is switched by the
NOLM. If an attempt is made to increase the saturation
energy or the NOLM length, stable solutions are no
longer obtained. After dechirping outside the laser,
10-fold pulse compression is possible, yielding a trans-
form-limited pulse with 340 fs FWHM duration and
16 kW peak power.

Another interesting result of our study is the impor-
tance of the NOLM adjustment for proper pulsed oper-
ation. Through the QWRN orientation, the phase of the
NOLM transfer characteristic, and thereby the low-
power transmission can be adjusted between 0 and 0.5.
A well known result is that, if low-power NOLM trans-
mission is too low, intracavity power can not build up
from initial noise because the small-signal losses in

each cycle exceed the value of small-signal gain. With
the parameters of Fig. 2, the minimal NOLM low-
power transmission still allowing signal buildup is
~10−3, a value consistent with the small-signal gain =
5000 and the output coupler loss = 5. If small-power
NOLM transmission exceeds this value, stable pulses
can be formed, provided that the sign of the bias
ensures SA action (transmission growing with power),
and not intensity-limiting action (compare curves A1
and B1 in [16, Fig. 3]). If low-power transmission is
increased above 0.1, however, single-pulse operation is
lost, so that the case of Fig. 2 corresponds to an upper
limit of the QWRN angle. Just above this value, a pat-
tern consisting of several (2–3) pulses tends to appear,
although no convergence was observed. The small
value of this upper limit (corresponding to a QWRN
rotation of π/16 only from the position of zero low-
power transmission) may be surprising, considering
that the NOLM operation is clearly of the SA kind at
this point, and that the maximum slope of the nonlinear
characteristic at low power is only reached for a QWRN
rotation of π/8. From the analysis of the extensive sim-
ulations realized, this result can be understood by con-
sidering that a small value of low-power NOLM trans-
mission is needed to prevent the growth of secondary
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pulses that tend to emerge on the sides of the central
high-powered pulse. In summary, the range of the
QWRN adjustment yielding a stable single pulse in the
cavity appears to be quite narrow. This result could help
understand recent experimental evidence that self-start-
ing in a F8 laser with NPR-based NOLM only appears
for a particular position of the QWRN orientation [16].

4. CONCLUSIONS

In conclusion, we analyzed numerically an Erbium-
doped F8 fiber laser designed for the generation of
high-energy pulses. The device operates in the large
normal dispersion regime, although the normal disper-
sion of the Erbium-doped fiber is partly compensated
by the anomalous-dispersion NOLM. The self-similar
pulse evolution due to Kerr nonlinearity and normal
dispersion are balanced by the amplitude modulation of
a bandpass filter, together with the SA action of the
NOLM. Polarization control is implemented in the
NOLM as well as in the ring segment of the laser. The
NOLM is a power-symmetric, NPR-based setup,
including an asymmetrically located QWR to break the
polarization symmetry in the loop. By realizing polar-
ization selection at the NOLM output, the nonlinear
switching characteristic is a sinusoidal function of
power with infinite dynamic range, and its low-power
transmission can be adjusted through the QWR orienta-
tion. Simulations showed that wave-breaking-free

pulsed operation was only possible in a narrow range of
the QWR angle, showing that precise QWR adjustment
is essential for proper operation of the laser. Simula-
tions also revealed that the laser operation was very
sensitive to the filter bandwidth. A very narrow filter
does not allow pulse formation, whereas with a wide
filter the pulse energy is limited to a few nanojoules.
Using an intermediate value of ~8 nm for the filter
bandwidth, ~3 ps pulses with a strong positive linear
chirp are obtained, with a maximal pulse energy of ~10
nJ. After dechirping outside the laser, pulses with 240
fs duration and 43 kW peak power are obtained. This
work could guide experimental research on all-fiber
sources for the generation of high-power pulses at 1550
nm.
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