
VOLUME 76, NUMBER 10 P H Y S I C A L R E V I E W L E T T E R S 4 MARCH 1996

ustralia

s,
at
ive
he
Bragg Grating Solitons

Benjamin J. Eggleton* and R. E. Slusher
AT&T Bell Laboratories, Murray Hill, New Jersey 07974

C. Martijn de Sterke
School of Physics and Optical Fibre Technology Centre, University of Sydney, New South Wales 2006, A

Peter A. Krug
Optical Fibre Technology Centre, University of Sydney, New South Wales 2006, Australia

J. E. Sipe
Department of Physics, University of Toronto, Ontario, Canada M5S 1A7

(Received 26 October 1995)

We report the first experimental observation of nonlinear propagation effects in fiber Bragg grating
resulting in nonlinear optical pulse compression and soliton propagation. The solitons occur
frequencies near the photonic band gap of the grating; they are due to a combination of the negat
dispersion of the grating, which dominates the material dispersion, and self-phase modulation. T
solitons propagate at velocities well below the speed of light in the uniform medium.

PACS numbers: 42.65.Tg, 42.65.Vh, 42.81.Dp, 42.81.Wg
ca
m
hi

c
o
in
o
e

t
o

ta
ex
te
o
th
re

er
e
c

uc
li
a
di
g
is
lo
in
el
-
g
g

er-
ent
ga-
ion
ic-
ear

ese
less

we
ese

and
the
ial.
at-

ap.
lly
ing
].

ely.
rd
hile
tside
an
rm
ed
the
ive

n
s a

ut
the
tes
the

[8].
We observed nonlinear propagation effects in opti
fiber Bragg gratings, in particular nonlinear pulse co
pression, and the generation of solitonlike pulses wit
the grating. In our experiments the dispersion is due
the grating, which dominates the dispersion of the ba
ground medium by several orders of magnitude. The s
tons then arise from the balancing of this large grat
dispersion and self-phase modulation due to the Kerr n
linearity of the fiber. The grating dispersion allows th
soliton to propagate at speeds substantially less than
velocity of light in the fiber in the absence of the gra
ing; in fact, here we report soliton propagation at 76%
this velocity. This would be of both great fundamen
interest and potential technological applications. For
ample, the large grating dispersion reduces typical in
action lengths for soliton formation by several orders
magnitude relative to that required in the absence of
grating. Correspondingly higher optical intensities are
quired, but not so high as to lead to fiber damage.

Of course, nonlinear pulse propagation in optical fib
has been demonstrated using various techniques. S
phase modulation (SPM) associated with the Kerr effe
when combined with external dispersive elements s
as diffraction gratings, has been used to achieve non
ear pulse compression in fibers [1]. Closely related
optical solitons [2], nonlinear pulses that propagate in a
persive medium without changing shape [3]. But propa
tion of temporal optical solitons in uniform optical fibers
due to the balancing between the effects of the anoma
group velocity dispersion and SPM, and the small intr
sic material dispersion in optical fibers requires relativ
long lengths of fiber—typically 100 m—for soliton for
mation. Increasing the fiber dispersion reduces the len
of fiber necessary to form solitons. Fiber Bragg gratin
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[4] are optical elements which can provide strong disp
sion. Here we consider Bragg gratings subject to incid
intensities in the nonlinear regime, where most investi
tions to date have only been theoretical [5,6]. We ment
two results of this theoretical work. The first is the pred
tion that pulses can propagate coherently through nonlin
fiber Bragg gratings in spite of the large dispersion. Th
pulses propagate at velocities that can be substantially
than the speed of light in the uniform medium. Here
shall refer to these pulses as Bragg grating solitons; th
solitons exist due to the balancing between the SPM
the dispersion associated with the periodic variation in
refractive index rather than that intrinsic to the mater
The well known gap solitons [5,6] are a class of Bragg gr
ing solitons with a spectrum within the photonic band g
A second result is that of Winful, who has theoretica
described a form of nonlinear in-fiber compression us
SPM and the dispersion provided by a Bragg grating [7

Both of these results can be understood qualitativ
A fiber Bragg grating couples forward and backwa
traveling modes, and opens up a photonic band gap. W
frequencies inside the gap are reflected, frequencies ou
the gap propagate, but with a group velocity which c
be substantially less than the speed of light in a unifo
optical fiber. Consider a transform limited pulse tun
to a frequency just above the upper band edge of
photonic band gap where the grating is strongly dispers
while the reflectivity is small. At low intensities a
input pulse at frequencies close to the gap edge ha
group velocity below that of the uniform medium, b
is broadened substantially upon propagation through
grating. However, in the nonlinear regime, SPM genera
new frequency components which are redshifted near
leading edge and blueshifted near the trailing edge
© 1996 The American Physical Society 1627
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As the upper branch of the dispersion relation exhib
anomalous dispersion, the rear of the pulse travels fa
than the front of the pulse, and if the incident pulse wid
is larger than the width of the fundamental soliton then t
pulse undergoes compression initially. As the interact
continues the pulse shape adjusts itself until the two effe
balance to maintain a pulse whose shape is approxima
preserved, leading to the formation of a Bragg grati
soliton. On the lower branch the dispersion is norm
and the behavior is qualitatively different than that in t
anomalous regime. In particular, the pulse broadens m
more rapidly than it would at low intensities.

The observation of nonlinear grating effects is depe
dent on the grating being long enough to allow a sign
cant nonlinear phase shift to accumulate along its leng
For this reason we fabricate gratings using the phase m
scanning technique which allows the production of lo
fiber gratings whose length is only limited by the leng
of the phase mask [9]. The grating transmission spectr
shown in Fig. 1 is obtained by varying an axial stra
on the fiber so that the grating resonance scans with
spect to the laser wavelength. Also shown in the figu
is a pulse spectrum having a full width at half maximu
(FWHM) equal to 0.03 nm. The length of the grating us
in the experiment wasL  55 mm. The magnitude of
the average refractive index change wasDn  3 3 1024,
which corresponds to a total strength ofkL ø 40, where
k  pDnhylB, h ø 0.8 is the fraction of the power
guided in the core, andlB is the Bragg wavelength [6].

The experimental setup is shown in Fig. 2. High i
tensity transform limited pulses are generated by a mo
locked,Q-switched YLF laser having a duration that ca

FIG. 1. The measured transmission spectrum of the ac
fiber grating used in the experiment. The grating length
55 mm and has an average refractive index modulation
Dn  3 3 1024. The dashed curve is the power spectrum
the incident pulse.
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be varied between 60 and 90 ps FWHM. A single pul
from the mode-locked train is selected so that a uniq
pulse intensity at a repetition rate of 500 Hz can be stu
ied. The low repetition rate minimizes any possibility o
heating or fiber damage. The pulses are coupled into
4 mm diameter core using a microscope objective, and
attenuated so that the peak intensity can be varied in
range from 1 to100 GWycm2. The experimental intensi-
ties are known only to within 50% due to uncertainties
the core area and the measurement geometry. After pr
agation, the transmitted intensity is detected using a p
todiode with a 9 ps rise time and a sampling oscillosco
with an 18 ps response time. A fast photodiode monitori
a split-off portion of the input pulse is used to trigger th
sampling oscilloscope. The net time resolution, includin
trigger jitter, is approximately 20 ps. Only light propaga
ing through the core is detected by using a spatial filter
remove the light guided by the cladding. To ensure th
any measured nonlinear effects occur entirely within t
grating and not, for example, from effects of SPM in th
length of fiber preceding the grating, this length is min
mized to less than 10 mm. Tuning of the grating wav
length relative to the laser wavelength is accomplished
straining the fiber using the displacement of a precisi
mechanical stage.

Tuning well outside of the band gap, where the grati
is 100% transmitting and the dispersion is negligible, r
sults in a sublinear dependence of the transmitted inten
on incident intensity. There is no noticeable reshaping
the transmitted pulses. The interesting grating phenom
are observed when the grating is tuned such that the pu
spectrum is close to the edge of the band gap, where
grating is highly dispersive yet is not strongly reflecting
In the low power limit the transmitted pulse is broadene
from approximately 80 to 90 ps, and the pulse peak is
tarded by 75 ps relative to the transmitted pulse tuned
from the Bragg resonance. The solid line in Fig. 3 show

FIG. 2. Schematic diagram of experiment. The total length
the fiber is 75 mm, the grating beginning approximately 10 m
from the front of the fiber and ending 10 mm from the back
the fiber.
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the transmitted pulse, having a FWHM of approximate
80 ps and an input intensity of approximately12 GWycm2,
when the pulse is detuned far from the band gap, so
grating dispersion may be neglected. This should be c
pared to the transmitted pulse at the same input inten
but when the grating is tuned such that the pulse is cent
on 1052.62 nm, where the grating transmission is appr
mately 75% in the linear limit (dashed line). The transm
ted pulse now has a width of 25 ps, which, taking into a
count the resolution limit of the detection system, results
a FWHM approximately equal to 15 ps which correspon
to a compression factor of greater than 5. We note that
peak intensity of the compressed pulse is enhanced, sh
ing true compression rather than pulse truncation. N
also that the compressed pulse leaves the grating a
85 ps later than the pulse propagating without dispers
Since the length of the grating is 5.5 cm, the compres
pulse travels at an average velocity corresponding to 7
of the speed of light in the uniform fiber. This low veloc
ity is a consequence of the grating dispersion, while pu
breakup is prevented by the nonlinearity. We note that
compression begins at intensities of approximately equa
1 GWycm2 and reaches a minimum pulse width at inte
sities approaching80 GWycm2.

Tuning the grating such that the pulse spectrum
on the long wavelength side of the gap results in
transmitted pulse undergoing nonlinear pulse broaden
The nonlinearly broadened pulse has a measured FW
of approximately 185 ps, representing a broadening fa
greater than 2.0.

Using nonlinear coupled mode equations [6], we mo
eled the propagation effects in the grating. Shown

FIG. 3. Transmitted pulse, having FWHMø80 ps when the
grating is tuned far from the resonance, and the transmi
pulse and the compressed pulse having FWHMø15 ps when
the grating is tuned such that the pulse is centered on 105
nm, where the grating transmission is approximately 75% in
linear limit. The time origin is arbitrary.
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Fig. 4 is the calculated transmitted intensity for the ca
when the pulse is detuned far from the gap and the cas
which the pulse is tuned close to the upper gap edge
parameters similar to those used in the experiment.
simulations do not include the effects of nonlinear loss
which were apparent in the experiment. Although we
clude the effects of SPM in the length of fiber precedi
the grating, we find that for lengths less than 10 mm th
effects are small. At low intensities we find that the tran
mitted pulse is broadened to 92 ps, in good agreem
with experiment. At input intensities of12 GWycm2 we
find that the width (FWHM) of the compressed pulse
20 ps, while the retardation of the peak of the compres
pulse with respect to the out-of-gap pulse is approximat
92 ps, also in good agreement with experiments.

We have also numerically studied the evolution of t
envelopes of the electric fields along the length of t
grating. Because of the balancing of the group veloc
dispersion with the nonlinearity, solitonlike pulses prop
gate along the length of the grating, with an approximat
constant shape. The formation length of the Bragg g
ing soliton is approximately 2 cm, suggesting that in t
experiment we are actually in the soliton regime. Aft
undergoing an initial narrowing in the first few centime
ters of the grating, the pulse’s intensity and width oscilla
on a period of cm over a range of less than 50% as it pr
agates along the grating. The oscillations are associ
with the initial pulse not being a perfect soliton. By nu
merically calculating the temporal Fourier spectrum of t
fields inside the gratings, we note that most of the ene
of the pulse lies just outside the band gap; we thus re
to these pulses as Bragg grating solitons. Breaking w
usage to date [6], but adopting what we feel is a more
propriate nomenclature, we reserve the term “gap solit

FIG. 4. Numerical simulations of transmitted pulse when t
pulse is centered on 1052.62 nm, where the grating transmis
is approximately 75% in the linear limit.
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for pulses with a spectrum within the photonic band ga
gap solitons are thus a special class of Bragg grating s
tons. The analytic form of Bragg grating solitons, whic
are characteristic for nonlinear periodic media, has b
given by Aceves and Wabnitz [6,10].

In summary, we have demonstrated nonlinear propa
tion effects in fiber gratings fabricated using the pha
mask scanning method. In the experiment, pulses g
erated by a mode-locked andQ-switched YLF laser are
compressed by a factor of 5. The compression is int
sity dependent and due to a combination of the “artificia
negative dispersion associated with the grating and
phase shift associated with the Kerr nonlinearity. Nume
cal analysis shows that gratings exhibit solitonlike prop
ties at frequencies close to the edge of the band gap w
the dispersion is high, and the grating is still transmissi
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