
VOLUME 79, NUMBER 23 P H Y S I C A L R E V I E W L E T T E R S 8 DECEMBER1997

dom

al
he
g’s
cal
d

4566
Optical Pulse Compression in Fiber Bragg Gratings
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We report the first experimental demonstration of the optical pushbroom—a novel type of all-optic
pulse compression. In the optical pushbroom high intensity pump pulses, tuned well away from t
resonance of a Bragg grating, modify the transmission of a weak probe tuned near to the gratin
photonic band gap. The clarity of the experimental results and their close agreement with numeri
simulations highlight the tremendous potential of the fiber environment for the detailed study an
practical application of nonlinear Bragg grating effects. [S0031-9007(97)04751-0]

PACS numbers: 42.65.Pc, 42.70.Qs, 42.81.–i
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Recent experiments on nonlinear effects in Bragg gr
ings have concentrated on self-phase modulation (SP
effects [1,2], i.e., the ability of a strong optical beam t
instantaneously alter the local refractive index and th
affect its own propagation. In a Bragg grating SPM re
sults in the transmission being bistable with one state (hi
power) having a transmission of unity while in the othe
(low power) the transmission is vanishingly small [3]. Fo
strong optical pulses this behavior can result in all-optic
switching. However a major drawback for observing no
linear behavior is that the power requirements are seve
especially in optical fibers, due to the low nonlinearity o
silica.

An alternative approach to observing nonlinear beha
ior in Bragg gratings is to use the cross-phase modulat
(XPM) of a strong pump to alter the refractive index see
by a weak probe thus changing the detuning of the pro
from the center of the photonic band gap. Although th
power requirements are similar to those for self-switchin
the advantage of XPM arises as the frequencies of
pump and probe can be widely dis-similar. This allow
the pump frequency to be chosen so as to maximize
power available. The probe frequency is then determin
by other considerations thus ensuring optimal switching

The all-optical switching of a fiber Bragg grating
(FBG) was first seen by LaRochelleet al. in 1990 [4]
using a self-written grating centered at 514 nm. In the
experiment the probe beam was centered on the grat
while the pump beam had a wavelength of 1064 nm
They observed an increase in transmission from 50
to 54% in the presence of the pump. LaRochelle
experiments remain to date the only work done on XP
in Bragg gratings.

Since LaRochelle’s work considerable theoretical effe
has gone into developing a detailed understanding
XPM in FBGs [5,6]. This work has focused on the
“optical pushbroom” which is demonstrated here for th
first time. Unlike the all-optical switching described
above, which is a continuous wave effect, the optic
pushbroom requires a strong pumppulse as it relies on
the frequency shift of the probe induced by the intensi
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gradient of the pump through XPM. As the optica
pushbroom has been described in detail before [5] a sh
description here will suffice.

To understand the optical pushbroom it is necessary
first recall the linear properties of a Bragg grating [7].
Bragg grating reflects strongly over a narrow frequen
range centered at the Bragg frequencyv0 and strongly af-
fects the propagation of light near this region. Figure
shows the dispersion relationship for light at frequenci
close to the band gap of a grating. Note that the gro
velocity, given by the slope of the dispersion relation, fa
to zero at the band edge and is a strong function of
frequency. Far from the band gap the dispersion relatio
ship approaches that of a uniform medium, indicated
the dashed line in Fig. 1. The curvature of the dispersi
relation determines the group velocity dispersion (GVD)
the grating which is many orders of magnitude higher th
that of standard optical fiber [7]. Linked to the reduce

FIG. 1. The dispersion relation for a uniform Bragg gratin
(solid line). The dashed line shows the dispersion relation
a uniform fiber. In our experiment the probe’s initial frequenc
is given by the solid circle and its frequency shift is indicate
by the arrow. The two open circles indicate possible locatio
for the pump beam, which is unaffected by the grating.
© 1997 The American Physical Society
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group velocity is the fact that the electric field inside th
grating is significantly higher than the incident or transmi
ted fields, allowing a large amount of energy to be stor
in the Bragg grating [8].

The optical pushbroom utilizes these properties b
situating a cw probe close to the band gap where t
group velocity is close to zero—one possible frequen
is indicated by the solid circle in Fig. 1. When the pum
is incident upon the grating, light at the back of th
probe “sees” the pump first and via XPM its frequenc
is lowered. Thus at any instant there is a frequency ch
across the probe and this chirp combined with the GV
compresses the probe. Furthermore as the frequency
the probe changes it speeds up allowing the back of
probe to sit on the leading edge of the pump where
experiences the maximum XPM for the greatest possib
length of time [6]. This process continues along th
length of the grating with more and more of the probe
energy being swept up onto the leading edge of the pum

In transmission one would then expect to see a narr
peak containing a significant fraction of the energy stor
in the grating followed by long dip while the cw field
distribution in the grating is restored. These featur
can be clearly seen in Fig. 2 which shows the resu
of a numerical simulation of the optical pushbroom fo
system parameters matched to those of our experimen
detailed below. The solid line gives the probe’s intensi
as a function of time while the dashed line indicate
the pump’s profile—on a different vertical scale. Th
probe’s input intensity was normalized to unity and th
transmitted intensity prior to the pump gives the linea

FIG. 2. Theoretical trace of the optical pushbroom. The so
line is the transmitted probe intensity, while the dashed lin
shows the pump profile. The inset is a blowup of the fro
spike in the transmission. The parameters chosen match th
used in the actual experiment.
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transmission for this frequency. The inset shows
expanded view of the spike in transmission which has
FWHM of approximately 50 ps.

The optical pushbroom illustrates the advantages
using Bragg gratings for nonlinear experiments. T
large dispersion of a Bragg grating combined with t
resonant field structure allows nonlinear effects to be s
in short lengths,10 cm of optical fiber. Nonuniform
Bragg gratings can also be written in fibers allowin
large spatial variations in the dispersion over very sh
length scales. Theoretical work utilizing these facts ha
highlighted the possibility of seeing enhanced seco
harmonic generation [9] amongst other effects. It
perhaps not surprising that Bragg gratings have be
described as anideal soliton environment[10].

Our experimental setup is shown in Fig. 3. High
power pump pulses at 1550 nm are used to switch a lo
power (1 mW), narrow-linewidth (,10 MHz) probe that
could be temperature tuned right across the grating’s b
gap. The pump pulses, derived from a directly modulat
distributed-feedback laser, were amplified to high pow
(.20 kW) in an erbium doped fiber amplifier cascad
based on large mode area erbium doped fiber and
a repetition frequency of 4 kHz. The pump pulse sha
was asymmetric due to gain saturation effects within t
amplifier chain and exhibited a 30 ps rise time and
3 ns half-width (see Fig. 5). Note that, as the optic
pushbroom relies on the intensity gradient of the pum
the strength of our interaction is stronger than that wh
would be achieved using a transform limited pulse of t
same FWHM and energy. The spectral half-width of t
pulses at the grating input was measured to be 1.2 GH

The pump and probe were polarization coupled into t
FBG and were thus orthogonally polarized within the FB
A half-wave plate was included within the system allowin
us to orient the beams along the grating birefringence ax
Both the reflected and transmitted probe signals could
measured in our experimental system using a fiberiz
detection system based on a tunable, narrow-band (,1 nm)
optical filter with.80 dB differential loss between pump
and probe (sufficient to extinguish the high intensity pum
signal), a low noise preamplifier, a fast optical detect

FIG. 3. Schematic of the experimental setup. PBS: polari
tion beam splitter. BPF: bandpass filter with a width of,1 nm.
LA-EDFA: Large mode area erbium fiber amplifier. The po
larizer (POL) is set to minimize the pump. See text for mo
details.
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and sampling scope. The temporal resolution of our pro
beam measurements wasø50 ps.

The FBG was centered at 1535.93 nm and was 8 c
long with an apodized profile resulting in the suppressio
of the sidelobes. The grating had a peak reflectivit
of 98% and a measured width of 32 pm as shown
Fig. 4. In Fig. 4 the horizontal scale gives the differenc
in nanometers from the center wavelength. The gratin
was mounted in a section of capillary tube and ang
polished at both ends so as to eliminate reflections fro
the grating end faces and was appropriately coated to st
cladding modes.

In Fig. 5 the optical pushbroom can be seen in actio
for the first time; the line styles and the inset are the sam
as for Fig. 2. The probe’s wavelength is indicated by th
dashed vertical line in Fig. 4. Note that it lies on the
long wavelength side of the band gap, where the line
transmission is close to 100%. The peak power of th
pump within the FBG is set to 25 kW. The transmitted
probe is clearly seen to have developed a sharp (ø70 ps
FWHM) spike in intensity, colocated in time with the
peak of the pump pulse. The transmission then dro
well below unity for a considerable length of time—note
that even 10 ns after the arrival of the pump pulse th
transmission has still not fully recovered. The paramete
used in the numerical model in Fig. 2 match the actu
experimental parameters, and as can be seen excel
agreement between the experimental and the numeri
results is obtained.

We examined the dependence of the pushbroom
both the pump power and probe wavelength. Figure
shows some of these results. Compared to Fig. 5 w

FIG. 4. Measured reflection spectrum of the FBG used
the experiments. The wavelength resolution is 0.001 nm. T
horizontal scale gives the wavelength separation in nanomet
from the center wavelength of 1535.930 nm. The dashe
vertical line indicates the frequency of the probe for the resul
shown in Fig. 5.
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tuned the probe closer to the band gap where the line
transmission was 90% and varied the pump power. It c
be clearly seen that as the pump power decreases so d
the quality of the pushbroom. This corresponds well t
what we expect theoretically. Note that in Fig. 6 the pea
transmission is less than twice that of the linear respon
as compared to a factor of 5 in the optimized system.

Compared to earlier experiments on nonlinear effec
in FBG [1,2,4] these results are particularly clear. Th
main reason for this is that our gratings were centered ne
1550 nm which is one of the main telecommunication
windows in optical fibers. This allowed us to make use o
the various holographic techniques for writing good qualit
FBGs with arbitrary profiles developed for the commun
cations industry. Similarly high quality fiberized compo
nents are readily available at these wavelengths making
optical pushbroom relatively simple to set up and observ
Lastly the latest generation of high-power fiber lasers o
erate in this region corresponding as it does to the ga
peak of the erbium doped fiber amplifier. Our results thu
illustrate the potential of the powerful combination of ver
satile, high-power, erbium fiber sources with convenien
high-performance communication componentry and FB
fabrication technology for the study of the nonlinear op
tics of Bragg gratings. Indeed these results are probab
the clearest manifestation of nonlinear effects in a Brag
grating presented to date.

We have experimentally demonstrated the optical pus
broom effect for the first time. Using a strong pump beam
we compressed a weak cw probe beam inside a Bra

FIG. 5. Experimental trace of the pushbroom. The solid lin
shows the intensity of the probe beam normalized so that t
transmitted power in the absence of the grating would be unit
The dashed line shows the transmitted pump beam. The in
shows an expanded view of the front peak.



VOLUME 79, NUMBER 23 P H Y S I C A L R E V I E W L E T T E R S 8 DECEMBER1997

a
al
nd
in

b-

ce
g
l

h

FIG. 6. Experimental traces of the pushbroom with nonopt
mal parameters. In these cases the linear transmission is o
90% and the different traces show the effect of reducing th
pump power. The peak pump powers used are 25, 22, 14,
and 1 kW. The increasing peak heights in the inset correspo
to the increasing peak pump powers.

grating, resulting in a narrow optical pulse at the outpu
Central to these results was the fact that in a Bragg grati
the group velocity dispersion is many orders of magnitud
higher than in an optical fiber, thus allowing nonlinea
effects to be seen in short lengths of fiber. Furthermo
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this effect could be seen in any photonic crystal with
Kerr nonlinearity. Photonic crystals are perhaps the ide
structures to see nonlinear effects since the photonic ba
structures, and hence the dispersion, can be designed
order to see a particular effect such as the optical push
room.
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