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We propose the use of self-defocusing nonlinearities to control nonlinear phase shifts in soliton fiber lasers.
By analogy to dispersion management, we refer to this scheme as nonlinearity management. First we de-
scribe a map that can be regarded as a combination of nonlinearity management and dispersion management.
The map is designed to support solitons in two segments of alternating sign of nonlinearity and dispersion.
Analytical and numerical calculations demonstrate that this map can be essentially free of spectral-sideband
generation. Suppressing the spectral sidebands should make possible pulse energies 100 times greater than
those of existing soliton fiber lasers. We also discuss the less than ideal case of direct reduction of average
nonlinearity by use of self-defocusing nonlinearity segments without optimizing dispersion. The second

scheme has the advantage of easier implementation.

discussed. © 2002 Optical Society of America
OCIS codes: 320.7090, 320.5540, 060.5530.

1. INTRODUCTION

Fiber lasers have emerged as attractive alternatives to
solid-state lasers for generation of femtosecond pulses at
near-infrared wavelengths. Fiber lasers possess consid-
erable advantages compared with solid state lasers, most
notably, simplicity of operation. Their high stability com-
pared with solid state lasers, combined with their com-
pact size, offers the possibility of widespread application.
The drawbacks of fiber lasers are their insufficient envi-
ronmental stability for use outside the research labora-
tory and their lack of high pulse energies directly from an
oscillator. The obstacles to generation of higher-energy
and shorter pulses can be traced back to accumulation of
excessive nonlinear phase shift. Previous approaches to
this problem were based on indirect reduction of effective
nonlinearity. We consider direct management of nonlin-
earity in fiber lasers, which can be realistically considered
with the demonstration that nonlinear phase shifts of ei-
ther sign can be generated with femtosecond pulses.?
Similar approaches in telecommunications were theoreti-
cally considered previously.®*

Figure 1 is a schematic drawing of a soliton laser. Am-
plitude modulation (AM) produced by a real or an artifi-
cial saturable absorber (SA) is necessary for the initial
formation of a solitonlike pulse and to stabilize the pulse
against perturbations. We refer to an artificial SA if
there is no real absorption; nonlinear transmittance is ob-
tained through a nonlinear phase shift. An example of
an artificial SA is nonlinear polarization evolution.?
Gain fiber with self-focusing nonlinearity and anomalous
dispersion can support solitons. Several gain materials
are available for use at near-infrared frequencies; the
most common are Er-, Yb-, and Nd-doped fibers. Among
these, only Er-doped fiber benefits from the availability of
anomalous dispersion in ordinary fiber.

The best reported results with Er fiber soliton lasers
are several-hundred femtosecond pulses with energies of
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Practical implementations with existing materials are

tens of picojoules. The most important obstacle to gen-
eration of shorter or higher-energy pulses or both is the
perturbation that arises from variations of pulse energy
over the cavity period that are due to loss (including out-
put coupling) and gain. This perturbation manifests it-
self in the formation of discrete sidebands in the spectrum
and is known as spectral sideband generation (SSG). A
first-order treatment shows that the offset of the frequen-
cies of the sidebands from the center of the spectrum is
given by Aw, ~ =1/7,(8nz,/z, — 1)Y2, where n is the or-
der of the sideband.®” Here z, is the cavity length,
zy = m/2( 7-12,/ B") is the soliton period, 8" is the group ve-
locity dispersion (GVD), and 7, is the pulse width. It is
experimentally found that z,/z; must be limited to <3 to
prevent instability.® Thus SSG places a lower limit to
pulse width. In the soliton regime, E,7, = 2(8"/y) (E,
is the pulse energy and v is the Kerr nonlinearity), so this
limitation becomes an upper boundary to pulse energy for
a given fiber nonlinearity.

To achieve higher pulse energies or shorter pulses, two
possibilities emerge: the use of a shorter cavity and re-
duction of the Kerr nonlinearity. There are limitations to
a shorter cavity, one of which is imposed by the minimum
length of fiber necessary for adequate gain. Additionally,
a laser with a shorter cavity is more likely to be plagued
by @ switching. Reduction of nonlinearity is therefore
the preferable alternative for most situations. For
femtosecond-pulse fiber lasers, nonlinearity reduction has
been addressed most effectively by the stretched-pulse
laser.? The stretched-pulse laser essentially implements
dispersion management, which has been successful in op-
tical communications.!° As a result, SSG is
suppressed.!’ Pulse stretching has resulted in the gen-
eration of 100-fs pulses of ~2.7-nJ energy.!? In this ap-
proach, the effects of nonlinearity are reduced indirectly,
through the effects of dispersion.

There are limitations to the stretched-pulse approach.

© 2002 Optical Society of America
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Fig. 1. Schematic of a generic soliton laser consisting of seg-
ments with self-focusing nonlinearity, anomalous dispersion, and
amplitude modulation (AM).
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Fig. 2. Typical autocorrelation of the stretched-pulse laser in
our laboratory. Inset, the corresponding spectrum.

Highly chirped, picosecond pulses are switched out of the
laser, and these are compressed externally in a dispersive
delay line. The need for an external compression stage is
an inconvenience for applications. Although effective
nonlinearity is reduced and higher energies are achieved,
it is clear that the fundamental limitation imposed by ex-
cessive nonlinearity is not eliminated: This limitation
manifests itself as a tendency to multiple pulsing as en-
ergy is increased. The stretching/compression ratio can-
not be increased indefinitely without the appearance of
undesirable effects on the pulse dynamics. Increasing
the dispersion contrast by using higher-dispersion fiber in
both sections of the dispersion map is limited by available
fiber parameters, and it is clear that increasing the total
positive dispersion will result in larger deviations from a
linear chirp. Increased nonlinearity of the chirp limits
compression and distorts the pulse shape. Typical inter-
ferometric autocorrelation and the corresponding spec-
trum produced by a stretched-pulse laser in our labora-
tory are shown in Fig. 2, and similar results were
reported previously.”® The structures in the spectrum
and the time profile can be undesirable for many ultrafast
applications as well as for amplification. Furthermore,
dispersion management is possible only for Er-doped fiber
near ~1.55 um. Fiber lasers are needed at shorter wave-
lengths, where only normal dispersion is available.
Novel microstructured fiber may provide anomalous dis-
persion. However, because of their small effective areas,
these fibers have increased nonlinear effects, which would
be a limitation on high-energy pulse generation.

In this paper we propose direct management of nonlin-
earity by use of negative (self-defocusing) nonlinear phase
shifts. In Section 2 we describe the concept of a fiber la-
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ser that is essentially free of spectral sidebands. Elimi-
nation of sidebands is achieved by use of dispersion and
nonlinearities of both signs. In Section 3 we consider the
use of negative nonlinearities without optimizing disper-
sion. This is a less desirable scheme but one that will be
easier to implement. In Section 4 we discuss practical
implementation of nonlinearity management in fiber la-
sers. Section 5 summarizes our main conclusions.

2. NONLINEARITY- AND
DISPERSION-MANAGED SOLITONS

The use of negative nonlinearities is a degree of freedom
that to our knowledge was not previously explored in the
design of short-pulse fiber lasers. Let us consider a gen-
eral dispersion and nonlinearity map described by the
nonlinear Schrodinger equation written in normalized
units:

du 1 d?u
- - l_D(Z)F

=T 2 1
% i3 il (2)|ul’u, (1)

where D(z) and I'(z) can take the values —1 to +1 across
the map. Although one can consider arbitrary varia-
tions, in practice it is realistic to consider only piecewise
constant maps composed of a small number of segments.
In particular, we shall consider the following simple map:

D r +1 0<z<éz,
(2) = I(z) = -1 &.<z<z/

where ¢:0 < ¢ < 1 and determines the relative strength
of the two segments. The conceptual model of a laser
based on this map is illustrated in Fig. 3. Both segments
support formation of a soliton with identical parameters.
However, the signs of the dispersion and nonlinearity op-
erators are reversed. Hence it is expected that the solu-
tion for the fundamental soliton will become

u = sech(t)exp[id(2)/2], (2)

where 6(z) = D(z) = I'(z). For the special case of &
= 1/2, the effects of each segment are exactly compen-
sated for by the following segment. Indeed, any input
field is an eigensolution. We call this scheme full com-
pensation.

In a real system the implementation cannot be ideal,
and there will be departures from full compensation. An
equally attractive approach is to implement the map such
that ¢ # 1/2, which we denote partial compensation. In
this case the map has a reduced effective length, defined
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Fig. 3. Block diagram of the proposed laser consisting of fiber,
compensator, and SA. We envisage a ring cavity for increased
ease of self-starting. The sequence of the components in the dia-
gram is the same as in the simulations.
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as z. o = |2 — 1|z.. The phase shift accumulated by the
soliton will be proportional to the difference of normalized
lengths of the two segments, as opposed to the total
length. That this is so has important consequences for
SSG: The sidebands are expected to move toward larger
frequency offsets from the center of the spectrum.
Adapting a simple model of SSG similar to that of Ref. 6,
we introduce lumped loss (e.g., output coupling) at the
end of the map, balanced by linear gain throughout the
map:

du 1 du
— —i—D(2)

» 5 Frie iT(2)|u)?u + gu, 3)

where D(z) and I'(z) are defined as before. The lumped
loss at the end of the second segment is described by
u — u exp(—gz,). With the transformation u — A(2)u,
it can be shown that the energy variation that is due to
loss and gain is equivalent to a variation in the effective
nonlinearity experienced by the soliton, with A(z) charac-
terizing this variation. With simple algebraic manipula-
tion, Eq. (3) takes the form

du 1 d%u A2 , @
m(z)— — i —— = iA%(2)|ul|"u, 4
(2) & 3z (2)|ul
where m(z) = —1/D(z) = —1/I'(z). Using the scaling
properties of a nonlinear Schrodinger equation, we can
express the nonperturbed solution as

u = gsech[n(t — wz)lexp[id(z)(wt — kz)], (5)

where £ = (w? — 5%)/2. We look for a solution of this
form for Eq. (4) and replace A2%(z) with its Fourier series
expansion. A first-order expansion for small perturba-
tions shows that resonances occur for [ f)c ko(z)dz
= 2mn. The integral equals the difference between the
total phase accumulated by the perturbed soliton and the
dispersive waves and is proportional to the effective map
length, z, .. Hence the frequencies at which the side-
bands are formed become a function of a (smaller) effec-
tive map length, not of the total map length. The side-
band frequency offsets are given by

Aw, ~ *1/7,[8nz, /(z.|2¢6 — 1|) — 1]V2 (6)

The sidebands can be pushed out to large offsets, where
there is little energy, by choice of £ close to 1/2. Thus
SSG is effectively suppressed; this is the main result of
this section.

We used numerical simulations to evaluate this concept
in detail. Because we envisage the application of these
ideas to femtosecond fiber lasers, we made the simula-
tions by assuming a fiber laser based on the proposed
map. We consider a ring laser design for increased ease
of self-starting. The first segment consists of gain fiber
with finite gain bandwidth. The compensating segment
has normal dispersion and self-defocusing nonlinearity,
and it is labeled the compensator. To illustrate the con-
cept, we used normalized units in the simulations.
Implementation with realistic parameters is discussed
later in the text. The length of the compensator [(1
— &)z.] was increased, starting from zero, while the fiber
was shortened such that the total cavity length was kept
constant at z, = 10. For every simulation, a control
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simulation was run that corresponded to a laser consist-
ing only of gain fiber with a physical length equal to z. .
The dispersion and nonlinearity of the fiber and the com-
pensator were chosen to yield the characteristic disper-
sion and nonlinear lengths Lp = 7'12)/ B" =1 and Ly,
= U(yP,) = 1 (P, is the peak power). Gain is modeled
as distributed over the length of the fiber and saturating
with total intracavity energy (E) with a Gaussian fre-
quency dependence: g(E, w) = go(1 — E/E exp[—(w
— wp)%Q%,]. Here E, is the gain saturation energy, w,
is the carrier frequency and (), is the gain bandwidth.
Small-signal gain is approximately 30 dB, and E,; is set
to the energy of a fundamental soliton in normalized
units. If the normalized pulse duration is assumed to be
100 fs in physical units, the gain bandwidth corresponds
to ~50 nm. The SA and the output coupling (linear loss,
in general) are modeled as a transmission function of the
form u — u [(1 — a — B) + asinX(#l/l,)]. Here I de-
notes the instantaneous intensity and I, is the satura-
tion intensity, which is set to the peak intensity of the
soliton unless stated otherwise. B = 10% is the output
coupling, and a = 10% is the modulation depth. Thus
the round-trip loss of the laser for cw light is 20%. We
note that the exact value of linear loss is not crucial if the
gain is strong enough, because the nonlinearity of the
subsequent segment can be set to offset a decrease in en-
ergy.

We begin by considering partial compensation for vary-
ing z..¢. All the simulated cases resulted in self-
starting stable solitary pulses (the buildup of the pulse
from noise for z, o = 1 is illustrated in Fig. 4). The de-
parture of the sidebands from the center of the spectrum
with increasing compensation ratio is illustrated in Fig.
5(a), and the offset of the first sidebands relative to con-
trol simulations is plotted in Fig. 5(b). For the highest
compensation that was simulated (z. . = 0.1), the pulse
energy is increased by a factor of 100 in the proposed
scheme, whereas the offset of the first sideband is equiva-
lent to that in the uncompensated soliton laser.

For full compensation (corresponding to vanishing
2. off), the enhancement in energy is smaller than for
2z ot = 0.1. Spectral sidebands are eliminated at ener-

Normalized Intensity
© o 9o 9o
N A O O =

Fig. 4. Buildup of a solitary pulse from intracavity noise plotted
for the proposed laser with z, .+ = 1.
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Fig. 5. (a) Spectra (as offset from the carrier frequency) for ef-
fective map lengths of (top to bottom) z, . = 10,8,6,4,2,
1,0.5,0.1. (b) Plot of the frequency offset of the first sidebands
for the proposed laser and the control simulation.
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Fig. 6. Results of simulations for full compensation (¢ = 1/2):
SSG is eliminated, and similar pulse duration is achieved at 10
times higher energy than in the soliton laser. The traces have
been displaced horizontally for clarity.

gies that are an order of magnitude higher than for the
ordinary soliton laser. The proposed laser produces
pulses with a time profile virtually indistinguishable from
that of the soliton laser with 10 times higher pulse energy
(Fig. 6). The energy can be increased to larger values.
However, deviations from ideal compensation caused by
noninstantaneous recovery of the loss begin to distort the
pulse. Full compensation, however, has a remarkable
feature. It constitutes a mode-locking mechanism that is
dominated not by soliton effects but by the SA: The peak
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intensity of the pulse is determined by the saturation in-
tensity of the SA. The reduced influence of solitary ef-
fects explains the result mentioned above, namely, that
full compensation does not scale to energies as high as for
partial compensation. If the saturation intensity of the
SA is set to a value that does not correspond to the fun-
damental soliton (intracavity energy is constant), breath-
ing pulses result. If the gain bandwidth is much larger
than the pulse bandwidth, the peak intensity of the pulse
increases linearly with the saturation intensity of the SA.
This linear increase saturates as the pulse bandwidth be-
comes comparable with the gain bandwidth.

The consequences of an ideal compensation of the ef-
fects of the fiber are obvious from an elementary consid-
eration of the nonlinear Schrodinger equation. The ben-
efits that we expect from this approach, however, pertain
to reduction of the effects of perturbations. In the pres-
ence of perturbations the compensation is inherently not
ideal. Thus it was not clear a priori that these expecta-
tions would prevail in a real fiber laser. We see from nu-
merical simulations that self-starting solitary-pulse for-
mation at high energies is possible.

To summarize the substantial benefits of this approach:

(1) The idealized system with full compensation is es-
sentially independent of pulse shape and energy. As a
consequence of this, SSG is not present, even for higher-
power fiber lasers, and SA dominates pulse dynamics.

(2) For a more realistic implementation, we consider
partial compensation. Compensation such that z. .
< 1 practically eliminates SSG.

3. NONLINEARITY MANAGEMENT
WITHOUT DISPERSION OPTIMIZATION

The use of nonlinearity and dispersion of either sign is a
promising avenue to creating a fiber—compensator pair.
However, it may not be possible or practical to achieve the
desired parameters, in particular, sufficient dispersion of
correct sign for the negative-nonlinearity segment, for
many applications. In this section we briefly consider
other approaches to nonlinearity management that are
less than ideal but that can provide significant advan-
tages.

It will be difficult to compensate for the GVD of more
than several meters of fiber. It is, however, possible to
produce large negative nonlinear phase shifts. This fact
leads us to consider nonlinearity management without
fine control of dispersion. Reduction of average nonlin-
earity should permit formation of higher-energy pulses.

We performed numerical simulations to investigate
this expectation. A soliton fiber laser was chosen rather
than a stretched-pulse laser because it is better under-
stood quantitatively. The simulated laser is depicted
schematically in Fig. 7. The model used in the simula-
tions is the same as described in Section 3. However, the
compensating segment provides only negative nonlinear
phase shifts, and it has negligible dispersion. A simula-
tion without the compensating segment serves as the
baseline. The gain saturation energy was increased to
two, three, and four times that of a fundamental soliton.
The magnitude of the compensating nonlinearity was in-
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Fig. 7. Schematic of a fiber laser with reduced average nonlin-
earity.
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Fig. 8. Results of numerical simulations of a soliton fiber laser,
showing the intensity profiles with increasing pulse energy and
nonlinearity compensation. The intensity profiles are normal-
ized and have been displaced vertically and horizontally for clar-
ity.

creased accordingly, such that the increase in pulse en-
ergy was balanced by the decrease in the average nonlin-
earity. The intensity profiles of the resultant pulses are
shown in Fig. 8. We can increase the energy by a factor
of 2 by decreasing the average nonlinearity. However, for
a threefold increase, the resulting pulse sheds radiation,
which is visible as small intensity fluctuations away from
the pulse. When the energy is increased to four times
the original value, the pulse breaks into two, resulting in
irregular double-pulsing.

The order in which nonlinearity and dispersion act on
the pulse matters. From a physical point of view, this
limitation means that the pulse in the first segment
should not be severely distorted before it reaches the com-
pensating segment. From the numerous simulations
performed we see that, as a rule of thumb, a total nonlin-
ear phase shift of ~7 is the maximum that can be com-
pensated for without dispersion optimization. Further
increases in energy can be achieved without pulse
breakup and multiple-pulse formation by the introduction
of additional compensating segments at equidistant posi-
tions in the cavity. Unfortunately, the benefits of such an
approach will be proportional to the number of compen-
sating segments used. The use of more than two com-
pensating segments seems impractical. In summary, the
addition of compensating materials promises a reduction
of average nonlinearity for soliton and DM fiber lasers,
but, in practice, improvement appears to be limited to a
severalfold increase in pulse energy.

As another example of nonlinearity management, we
briefly consider the use of negative nonlinearities for the
design of fiber lasers at A < 1.3 um. An all-fiber, high-
energy femtosecond laser in the 1.0-1.3-um region is
highly desirable for applications such as medical imaging.
However, at these wavelengths, ordinary fiber has normal
dispersion. Anomalous dispersion can be obtained with
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prism pairs or diffraction gratings, but these offset the
primary advantages of fiber lasers. Microstructured fi-
bers offer anomalous dispersion through the use of large
waveguide dispersion to offset the material dispersion
and may be useful for soliton pulse shaping. An alterna-
tive approach is to form solitons with ny < 0 and positive
GVD. This approach has already been demonstrated ex-
perimentally for a bulk solid-state laser.! Numerical
simulations that use existing material properties show
that generation of 100-fs pulses with more than 100-pJ
energy is feasible with this approach.

In conclusion, reduction of average nonlinearity offers
limited but significant improvement in pulse energy com-
pared with existing soliton and stretched-pulse lasers and
is considerably easier to implement than the fiber-
compensator pair. We have considered the addition of
one segment with n, < 0 of negligible dispersion. It is
likely that one can achieve better results through optimi-
zation of the map by the use of more than one type of fiber
and careful consideration of the ordering of the segments.

4. IMPLEMENTATION OF NONLINEARITY
MANAGEMENT

The experimental implementation of nonlinearity man-
agement relies on the presence of suitable materials with
negative (self-defocusing) Kerr nonlinearity. Semicon-
ductors have large self-defocusing refractive nonlinearity
(~1000 times that of fused silica) for Av > 0.7 Ey,,p4gap -
However, the negative nonlinearity is associated with
strong two-photon absorption, which is a nonlinear loss.
Large two-photon absorption becomes detrimental for
short-pulse formation at rather low intensities because
the modulation depth of the SA is limited. Thus these
materials are unattractive for high-energy fiber laser de-
sign. An alternative to semiconductors is the effective
negative nonlinearity produced by cascaded quadratic
processes.'* Liu and co-workers have shown that A®NF
~  can be impressed on femtosecond pulses with small
(<1%) loss to second-harmonic generation by use of the
cascade processes at large phase mismatch.?

Consider the construction of a fiber laser based on this
concept, with Er-doped fiber as the gain medium for
~1550 nm. Fiber with anomalous dispersion of several
square picoseconds per kilometer and small third-order
dispersion is available. Any of several crystals can be
used as the quadratic medium. In particular, periodi-
cally poled lithium niobate (PPLN) in waveguide geom-
etry shows promise.'> The dispersion of PPLN for type I
phase matching is ~100 ps¥km at 1550 nm. Thus the
dispersion of 1-m-long gain fiber can be compensated for
with a PPLN waveguide a few centimeters in length.
With a 70-mm-long waveguide, we estimate that the non-
linear phase accumulation of a fiber ~10 m in length can
be compensated for at AkL large enough to avoid the det-
rimental effects of group-velocity mismatch for 100-fs
pulses. Thus dispersion, rather than nonlinearity, will
be the limiting factor in the construction of a compensa-
tor. Similarly, for the construction of a soliton-
supporting Nd- or Yb-doped fiber laser at ~1 wum, the use
of cascaded processes in a PPLN waveguide appears to
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Fig. 9. Intensity profile and spectrum (as offset from the carrier
frequency) of the proposed laser with z, .4 = 0.1 compared with
the same laser with 10% mismatch in the nonlinearity coefficient

of the compensating segment.

hold promise. According to our calculations, it should be
possible to balance the nonlinearity of gain fiber ~10 m in
length at the phase mismatches necessary to support
~100-fs pulses. It is clear that implementation of the ap-
proaches considered here will require the solution of chal-
lenging material problems. Nevertheless, we see that it
is possible to form a compensator by means of cascaded
processes in existing and available materials.

A fast SA is necessary for femtosecond pulse formation.
Nonlinear polarization evolution (NPE) or the use of a
nonlinear optical loop mirror requires the use of fiber at
least several meters long to accumulate the nonlinear
phase needed for sufficient modulation depth. This re-
quirement imposes a challenging minimum length of fiber
to be compensated for. Additionally, because of the inter-
ferometric nature of these techniques, there is a maxi-
mum energy for a given pulse shape beyond which loss in-
creases with increasing pulse energy. This effect is
referred to as the saturation of NPE. For this purpose,
NPE produced by the wuse of cascaded quadratic
nonlinearities'® should be advantageous, because it can
be implemented in a several-centimeter-long frequency-
doubling crystal. Saturation of NPE can be prevented
because the saturation energy can be set to high values
through the choice of phase-mismatch and crystal param-
eters. NPE works equally well with negative or positive
nonlinear phase shifts. Therefore it may be possible to
accomplish AM in the compensator itself.

In a real implementation, in addition to problems
caused by the perturbations on the pulse that are inher-
ent in the operation of a pulsed laser, there may be diffi-
culties in precise matching of the fiber and the compensa-
tor. We tested the robustness of the proposed laser by
intentionally mismatching the parameters in the numeri-
cal simulations. Mismatches of 10% in either parameter
are easily tolerated, even for a high degree of compensa-
tion (corresponding to z. . = 1; Fig. 9). The resultant
pulse shape does not change appreciably, and the side-
band frequency offset from the center of the spectrum de-
creases by only a few percent. Finally, we note that it is
possible to consider hybrid approaches for which the av-
erage dispersion of the fiber section is decreased by the
use of dispersion-compensating fiber, as in dispersion-
managed systems. A potential advantage of such an ap-
proach is that the need to obtain sufficient dispersion in

Vol. 19, No. 3/March 2002/dJ. Opt. Soc. Am. B 475

the compensator is likely to be a greater limitation than
nonlinearity. As long as the combined effect of the two
fibers is a good approximation of a single fiber of uniform
dispersion equal to their average dispersion, the degrada-
tion in the laser operation will be small. In summary, de-
spite the difficulties that need to be confronted for a prac-
tical application of nonlinearity management, we can see
that existing materials already have properties that offer
some promise of suitability for nonlinearity management.

5. CONCLUSION

In conclusion, we propose the use of negative nonlinearity
as a new degree of freedom in the design of short-pulse
fiber lasers. We describe a nonlinearity- and dispersion-
managed map and demonstrate that it is essentially free
of spectral sideband generation. This approach permits
the pulse energy in a soliton fiber laser to be increased by
2 orders of magnitude. Implementation by the use of ex-
isting materials appears to be feasible but challenging.
As another application of nonlinearity management, we
consider the less than ideal but easier to implement ap-
proach of reducing average Kerr nonlinearity by the in-
clusion of a negative nonlinearity segment into the cavity.
This approach offers significant benefits but is limited be-
cause of noncommutation of self-phase modulation and
GVD. Studies are in progress for experimental imple-
mentation. Although we focus on applications to high-
energy or shorter pulse formation from fiber lasers, the
concept is general and applies to passive propagation of
short pulses in optical fiber. Consequently, nonlinearity
management is likely to be useful in soliton communica-
tions as a way to prevent spectral sidebands and exces-
sive nonlinear phase shifts.
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