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Superluminal optical pulse propagation at 1.5 µm in periodic fiber Bragg gratings

S. Longhi, M. Marano, and P. Laporta
Istituto Nazionale per la Fisica della Materia, Dipartimento di Fisica, Politecnico di Milano,

Piazza L. da Vinci 32, I-20133 Milano, Italy

M. Belmonte
Corning-Optical Technologies Italia, Viale Sarca 222, 20126 Milano, Italy

~Received 19 March 2001; published 16 October 2001!

We report on the experimental observation of superluminal tunneling of picosecond optical pulses in a
periodic fiber Bragg grating. Optical pulses of 380-ps duration, generated by an externally-modulated single-
frequency erbium-ytterbium laser operating near 1.5-mm wavelength, were propagated at a group velocity
greater than;1.97 times the speed of light in vacuum across a 2-cm long fiber grating. Owing to the very large
ratio between the thickness of the barrier~2 cm! and the wavelength of probing optical pulses (;1.5 mm), our
experiment allows for the observation of superluminal tunneling in the optical region by direct optoelectronic
time-domain measurements.
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The longstanding question of tunneling times of elect
magnetic or matter wave packets across a barrier@1,2# and
the related issue of superluminality@2–6# have received, in
recent years, an increasing and renewed interest both fro
fundamental as well as from a technological viewpoi
There are by now several experiments, performed at ei
microwave or optical wavelengths, which report on super
minal tunneling of photons in waveguides, periodic dielect
structures, or in two side-by-side prisms~frustrated total in-
ternal reflection!; a detailed account on these experimen
studies and extended references can be found, e.g., in re
review papers on the subject@2,5#. A common feature of all
the tunneling experiments reported so far is the relativ
low value achieved for the ratior 5L/l between the thick-
ness of the barrier,L, and the photon wavelength,l. In the
recent experiments on photon tunneling using o
dimensional photonic band gaps at optical wavelengths~Ber-
keley and Vienna groups@7,8#!, as well as in undersized
waveguides in the microwave region~Florence and Cologne
groups@9,10#!, the barrier thicknessL is in fact few times
larger than the wavelength of the probing pulse. Since for
opaque barrier the advancement of the tunneled wave pa
is of the order ofL/c0, wherec0 is the speed of light in
vacuum, a relatively low value ofr implies a time resolution
for detection of the flight time of the order of~or few times
larger than! the single-cycle period of the probing wav
packet. In the microwave region, temporal advancements
in the nanosecond time scale, which are easily accessibl
electronic measurements. Conversely, in the optical regio
time resolution down to few femtoseconds or even less
required, which is possible solely by means of some kind
indirect measurement, such as interference of twin-pho
beams for single-photon tunneling@7# or interferometric au-
tocorrelation techniques of ultrashort femtosecond pulses
‘‘classical’’ wave packets@8#. Larger advances in time, in
the picosecond or nanosecond scale, would be of majo
terest making accessible with standard optoelectronic m
surements the detection of tunneling times and superlum
group velocities for classical wave packets at optical wa
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lengths. In addition, superluminal tunneling in the picose
ond time scale may be of interest for the technologica
important field of optical communications, where picoseco
optical pulse trains at high repetition rates are typically us
instead of femtosecond pulses.

In this work we report on the tunneling of optical puls
at 1.5 mm, i.e., in the third transmission window of optica
fibers, across the long barrier provided by a 2-cm long p
odic fiber Bragg grating~FBG!, with measured superlumina
peak pulse advancements up to a few tens of picoseco
The use of a FBG@11# as a photonic barrier at the optica
wavelengths is similar, in principle, to the multilayer diele
tric mirror configuration previously employed by Steinbe
et al. and Spielmannet al. @7,8#; however, owing to the
weaker modulation of the refractive index achieved in t
fiber core, the FBG offers the advantage of realizing a re
tively long barrier~up to several centimeters! with a trans-
mission coefficient sufficiently high (.;1%) to permit de-
tection of the transmitted pulse at a reasonable power le

Let us consider a single-mode optical fiber with a we
and periodic modulation of refractive indexn(z)
5n0@112h cos(2pz/L1f)#, 0,z,L, where z is the
propagation axis,L is the grating length,n0 is the average
refractive index of the structure,L is the Bragg modulation
period, andh(z), f(z) are the slowly-varying amplitude
and phase profiles of the refractive index (uh(z)u!1). If
we consider the propagation of a monochromatic fieldE(z,t)
at the optical frequencyv close to the Bragg frequenc
vB5c0p/(n0L), where c0 is the speed of light in
vacuum, we may writeE(z,t)5u(z,d)exp(2ivt1ikBz)
1v(z,d)exp(2ivt2ikBz)1c.c., wherekB5p/L is the Bragg
wave number andu,v are the envelopes of counterpropag
ing waves that satisfy the following coupled-mode equatio
@11,12#:

du/dz5 idu1 iq~z!v, ~1a!

dv/dz52 idv2 iq* ~z!u. ~1b!
©2001 The American Physical Society02-1
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In Eqs. ~1!, q(z)[kBh(z)exp@if(z)# is the scattering poten
tial, whereasd[k2kB5n0(v2vB)/c0 is the detuning pa-
rameter between the wave numberk5n0v/c0 of counter-
propagating waves and the Bragg wave numberkB of the
grating. Equations~1! have the form of the Zakharov-Shab
system encountered in problems of inverse scattering@13#.
The general solution to Eqs.~1! is „u(L,d),v(L,d)…T

5M„u(0,d),v(0,d)…T, where the elements of the scatterin
matrix M5M(d) satisfy the conditionsM225M11* , M21

5M12* , and detM51. The spectral transmission coefficie
of the grating is given byt(d)5@u(L,d)/u(0,d)#v(L,d)50
51/M22. Owing to Bragg scattering of counterpropagati
waves, the transmission spectrumT(d)5ut(d)u2 shows a
band gap at around the zero-detuningd50, where propaga-
tion is forbidden and superluminal tunneling of optic
pulses is expected. An estimate of the tunneling time fo
wave packet transmitted through the FBG is provided by
group delay~or phase time! tg , which is given by the de-
rivative of the phase oft with respect tov. Though different
tunneling times, such as the Bu¨ttiker-Landauer~semiclassi-
cal! time or the Larmor time@1,2# might be considered, ou
choice for the phase time is mainly motivated by its cons
tency with tunneling time measurements, previously repor
in photonic band-gap structures@7,8#. For a periodic FBG
(f50) with uniform modulation depth (q5q0 constant!,
which corresponds to the FBGs used in our experiment
simple analytical expression for spectral transmissiont and
group delaytg can be derived and read:

t~d!5
1

cosh~VL !2 i
d

V
sinh~VL !

, ~2a!

tg~d!5
n0L

c0

q0
2

V21d2 tanh2~VL !
F d2

q0
2

tanh2~VL !

1
1

VL
tanh~VL !2

d2

q0
2G , ~2b!

whereV[(q0
22d2)1/2. Notice that bothT(d)5ut(d)u2 and

tg(d) show a minimum at the center of the gap, i.e., ford
;0, and one has T;1/cosh2(q0L) and tg
;(Ln0 /c0)tanh(q0L)/(q0L) near d50. In this case, a
spectrally-narrow pulse centered atd50 can cross the bar
rier without appreciable distortion of its shape, albeit atte
ated, with a group velocityvg given by

vg[
L

tg
5

c0

n0

arctanhAR

AR
, ~3!

whereR512T is the power spectral reflectivity at the ban
gap center. Superluminal tunneling, corresponding tovg
.c0, occurs for a sufficiently opaque barrier such th
arctanhAR.n0AR @14#.

In Fig. 1 we show the measured spectral power transm
sion T and group delaytg versus frequency detuningn
5(v2vB)/(2p) for one of the periodic FBG used in th
05560
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experiments; in the figure are also shown the theoret
curves as given by Eqs.~2a! and ~2b!. Parameter values ar
L52 cm, h050.234531024, n051.452, and vB52p
3195.58 THz, which correspond to a band gap
;12 GHz full width at half maximum~FWHM! near lB
51533.8 nm~in vacuum! and to a minimum power trans
mission ofT;1.5% at the gap center. The group delay w
measured using a modulation phase shift technique@15#,
which is a commonly used method for the characterization
FBGs. Notice that the experimental curves for both spec
transmission and group delay show a slight asymmetric
havior around the Bragg resonance; this is probably asc
able to local change of average refractive indexn0 along the
2-cm fiber and to imperfections in the fabrication proce
which introduce some residual chirp. Despite this asymm
try, the spectral measurement of group delay clearly sho
that superluminal tunneling should occur for an optical pu
tuned inside the band gap.

The tunneling experiments were performed using pul
with ;380-ps duration, corresponding to a spectral pu
bandwidth about one-fifth of the grating band gap. A sch
matic diagram of the experimental setup is shown in Fig
A pulse train, at a repetition frequencyf m51 GHz, was
generated by external modulation of a single-mode stabili
Er-Yb laser@16#. The 18-cm long laser cavity is end-pumpe
at 980 nm by an InGaAs laser diode and comprises
300-mm thick BK7 etalon that allows for a tuning of th
emission laser wavelength by few nanometers at aro
1533 nm; a finer tuning (,800 MHz) of the laser fre-
quency, when necessary, was achieved by a submicrom
control of the laser cavity length using a piezoelectric tra
ducer mounted on the output laser mirror. The pulse tr

FIG. 1. Spectral power transmission~a! and group-delay~b! for
the periodic 2-cm-long FBG used in the experiment. Solid a
dashed lines refer to measured and predicted spectral curves
spectively.

FIG. 2. Schematic of the experimental setup. LD, pump la
diode; MO, microscope objective; MZM, Mach-Zehnder wavegu
modulator; EDFA, erbium-doped fiber amplifier.
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was generated by sending the laser output to a LiNbO3-based
Mach-Zehnder modulator sinusoidally driven at a frequen
f m by a radio-frequency~RF! synthetizer. For a waveguid
modulator with chirp compensation, which applies to o
case, the frequency chirping introduced by the modula
may be neglected and the output optical field envelopeE is
given by

E~ t !5E0 cos@d01dm sin~2p f mt !#exp~ iv0t !, ~4!

whereE0 is the amplitude of the electric field at the input
waveguide,v0 is the carrier frequency of the laser, andd0 ,
dm define the bias point and modulation depth impresse
the modulator by the sinusoidal RF voltage. Different pu
durations and pulse shapes can be achieved in this wa
varying both bias pointd0 and amplitude modulationdm . In
our experiments, the bias voltage and modulation depth w
typically chosen to gived0;0.74p/2 anddm;0.29p/2. For
these parameters, a train of pulses, with a pulse dura
~FWHM! of ;380 ps and 1-ns periodicity, was generat
with an average optical power of;2 mW. The pulse train
transmitted across the FBG was sent to a low-noise erbi
doped fiber amplifier, with a saturation power of;30 mW,
that maintains the average output power level of the opt
signal at a constant level, equal to;18 mW, for an average
input power signal larger than;30 mW. In this way, the
power levels of the transmitted pulse trains, for the la
emission tuned either inside or outside the band gap of
grating, were comparable. We notice that, since the pu
bandwith (;2 –3 GHz) used in the experiment is very na
row as compared to that of erbium~a few tens of nanom-
eters!, pulse reshaping effects introduced by the optical a
plifier are fully negligible as compared to those provided
the FBG. The pulse train transmitted across the FBG w
characterized in the frequency domain using both a scan
Fabry-Perot interferometer~Burleigh Mod. RC1101R! with a
free-spectral range of;27 GHz and a finesse of;90, and
an optical spectrum analyzer~Anritsu Mod. MS9710B! with
a resolution of 0.07 nm. The pulse train was simultaneou
detected in the time domain by sending a fraction of
transmitted optical signal to a fast photodiode connected
sampling oscilloscope~Agilent Mod. 86100A!, with a low
jitter noise ~less than 1 ps! and an impulsive response o
;15-ps width; the sensitivity of this apparatus to phase sh
is of the order of 1 ps. The electrically-converted signal
the sampling oscilloscope was triggered by the low-no
sinusoidal RF signal that drives the Mach-Zehnder modu
tor, thus providing a precise synchronism among succes
pulses in the train. By a proper tuning of the laser wa
length, we recorded the trace of transmitted pulses, as m
sured on the sampling oscilloscope, for different tuning c
ditions ~see Fig. 3!. We first detuned the pulse spectrum f
away from the center of the FBG gap by about 120 GHz, a
the transmitted pulse train was recorded on the samp
oscilloscope@trace 1 in Fig. 3~a!#. In this case Bragg scatter
ing inside the grating is negligible and the pulse trav
across the barrier with a velocity equal toc0 /n0. By looking
at the spectrum analyzer and Fabry-Perot interferometer
then tuned the laser spectrum close to the center of the b
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gap @see Fig. 3~b!#, and recorded the trace of transmitte
pulse@curve 2 in Fig. 3~a!#. A temporal advancement of th
transmitted pulse peak of;63 pswithout appreciable pulse
distortion is clearly observed. Notice that the measured pu
advancement is in rather good agreement with the value
dicted by the phase time analysis, and corresponds to a
locity for barrier crossing equal tovg;1.97c0, very close to
the theoretical valuevg;1.94c0. We finally detuned the
spectrum of the pulse apart from the band-gap center
;7 GHz, i.e., close to the first side peak of transmiss
curve at the band-gap edge, as shown in Fig. 3~b!. In this
case, the behavior of group delay@see Fig. 1~b!# indicates a
peak pulse delay, as compared to off-resonance propaga
of ;65 ps, i.e., pulse slowing down occurs for such a tun
condition. The pulse trace in this case@curve 3 in Fig. 3~a!#
clearly shows pulse slowing down with a pulse peak delay
;60 ps, close to the expected value. Notice that in this c
a slight pulse distortion is appreciable, which is due to sp
tral pulse reshaping produced by the rapidly-varying spec

FIG. 3. ~a! Pulse traces~in arbitrary units! recorded on the sam
pling oscilloscope corresponding to transmitted pulses for o
resonance~curve 1! and on-resonance~curve 2! propagation. Curve
3 is the pulse trace measured when the pulse spectrum is t
close to the right-side edge of the FBG.~b! Spectrum of the probing
pulse train, as measured by the scanning Fabry-Perot interfe
eter, corresponding to on-resonance~curve 2! and band-gap edge
~curve 3! tuning conditions. The dotted curve is the measured sp
tral power transmission of the FBG. The tuning condition cor
sponding to 120 GHz off-resonance operation falls outside the
quency window shown in the figure.

FIG. 4. Behavior of group velocityvg for barrier crossing, nor-
malized to the speed of light in vacuumc0, as a function of power
reflectivity R at the band-gap center for a uniform FBG withq0

5140 m21. The solid curve is the theoretical behavior as predic
by numerical propagation of pulse train~4! with d0;0.74p/2, dm

;0.29p/2, and f m51 GHz; the dashed curve is obtained by t
phase time analysis@Eq. ~3!#; triangles refer to measured travers
velocities for three FBGs.
2-3
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transmission and group delay near the band-gap edge~see
Fig. 1!. We checked that the observed superluminal tunn
ing time is easily reproducible and persists by changing
operational conditions of the Mach-Zehnder modulator, i
pulse duration and modulation frequency. In further expe
ments, we measured the group velocity corresponding
pulse propagation across FBGs with different lengths,
barrier thickness, designed and fabricated to have the s
Bragg wavelength and comparable bandwidth, i.e., the s
value of q0. According to Eq.~3!, the group velocity is in
turn a function of the peak power reflectivityR solely, which
depends on the barrier thicknessL according to R
5tanh2(q0L). For a refractive indexn051.452, vg /c0 be-
comes larger than one forR.;70% and tends to infinity as
R approaches unity. The experimental results, correspon
to three FBGs with lengths of 1.3 cm, 1.6 cm, and 2 cm,
shown in Fig. 4 ~triangles!, together with the theoretica
s.
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o
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curves obtained by either numerical propagation of the pu
train @Eq. ~4!# through the FBG or by phase time analys
@Eq. ~3!#.

In conclusion, we have reported on the experimental
servation of superluminal tunneling of picosecond opti
pulses at 1.5-mm wavelength across the photonic barrier pr
vided by a periodic FBG. The large barrier thicknes
(;2 cm) as compared to the wavelength of tunneled p
tons (;1.5 mm) enabled us to reach superluminal pe
pulse advancements in the picosecond time scale, which
easily detectable using direct time-domain optoelectro
measurements. We envisage that the use of FBGs as ph
nic barriers may be of potential interest in the field of optic
communications to either accelerate or slow down the pro
gation of picosecond optical pulses.

S.L. gratefully acknowledges fruitful discussions with
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